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Abstract

This article give a comprehensive overview of the chemistry of organolanthanide and organoactinide complexes published in the year 2005.
Besides synthetic and structural aspects of all new compounds, the review also covers applications of organolanthanide and -actinide complexes

in homogeneous catalysis, organic synthesis, and materials science.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This review summarizes the progress in organo-f-element
chemistry during the year 2005. The year 2005 has witnessed a
remarkable increase in research activities in this area.

2. Lanthanides
2.1. Lanthanide carbonyls

The electronic and geometric structure of scandium mono-
carbonyl ScCO has been investigated through coupled cluster
(CC) and multireference variational methods (MRCI) combined
with large basis sets. The bonding in this simple molecule
is rather complicated and could be attributed mainly to -
conjugation effects between the Sc and CO m-electrons, along
with weak o-charge transfer from CO to the Sc atom [1]. Matrix-
isolated Scp[m?(u2-CO)] molecules have been produced by co-
deposition of laser-ablated Sc atoms with CO in excess argon
at 7K and investigated using FT-IR spectroscopy. It was shown
that Scy [nz(m—CO)] is an unprecedented homoleptic dinuclear
metal carbonyl with an asymmetrically bridging and side-on-
bonded CO. There is evidence that it is an intermediate to CO
dissociation [2].

2.2. Lanthanide hydrocarbyls

2.2.1. Neutral homoleptic compounds

Ab initio and DFT calculations have been performed on
a series of simple organometallic compounds of the for-
mula MCH,, with n=1-3. The main electronic characteristics
of methylidynes, methylidenes, and methyl-metals have been
described for first-row early transition metals, including the
scandium species ScCCH, ScCH», and ScCH3. ScCH, exhibits
a bent structure and therefore constitutes a candidate to present
a-agostic bonds [3]. A major achievement in organolanthanide
chemistry reported in 2005 was the synthesis of the elusive
homoleptic alkyls trimethylyttrium and trimethyllutetium. The
synthetic strategy employed involves donor-induced cleavage of
the corresponding homoleptic lanthanide tetramethylaluminates
as illustrated in Scheme 1. The elimination of trimethylalu-
minum could be achieved with the Lewis base donors THF
or diethyl ether. Polymeric [YMes], and [LuMe3],, were iso-
lated as white powders which are insoluble in aliphatic and

aromatic solvents. The lutetium derivative detonates sponta-
neously when exposed to air. Preliminary investigations into
the reaction behavior of [LnMe3], were performed using the
yttrium derivative and are summarized in Scheme 1 [4].

Reaction of 0-Me;NCgH4CH,K with YCI3 in THF yielded
(0-MesNCgH4CH3)3Y in the form of light yellow crystalline
plates in 59% yield (Scheme 2, Ln=Y). The crystal structure
shows three bidentate benzyl ligands bound to Y, which has a
prismatic coordination sphere. The La analogue was prepared
similarly (41% yield, Scheme 2, Ln=La) and is isostructural
to the yttrium derivative, but shows more extensive multihapto
bonding of the benzyl ligands to the larger metal atom (short
aryl-La interactions) [5].

2.2.2. Heteroleptic compounds

Cationic yttrium methyl complexes have been prepared
by protonation of formally trianionic precursors as illustrated
in Scheme 3. The crystal structure of [YMey(THF)5][BPhy]
has been determined by X-ray diffraction. Fig. 1 shows the
pentagonal-bipyramidally coordinated yttrium center with the
methyl groups in the trans-positions [6].

A family of scandium and yttrium tris[(trimethylsilyl)methyl]
complexes with neutral N3 donor ligands has been reported. The
synthetic routes are summarized in Scheme 4. Representatives
of all three types of trialkyls have been structurally characterized
by X-ray diffraction. As an example, the molecular structure of
[HC(Me;pz)3]Sc(CH,SiMe3)s is shown in Fig. 2 [7].

X-ray crystallography and variable-temperature (VT) NMR
spectroscopy revealed a structural diversity within the known
series of neutral 12-crown-4 supported tris(trimethylsilyl-
methyl) complexes (12-crown-4)Ln(CH;SiMes); (Ln=Sc, Y,
Sm, Gd-Lu) in the solid-state as well as in solution. VT NMR
spectroscopy indicates fluxional 12-crown-4 coordination on
the NMR time scale. The X-ray crystal structure determination
of (12-crown-4)Sc(CH;SiMe3)3 revealed incomplete 12-crown-
4 coordination (Fig. 3). The molecule adopts a three-legged
“piano-stool” geometry with the 12-crown-4 ligand bonded
facially through only three oxygen atoms. Thus the coordination
geometry around Sc is best described as distorted octahedral [8].

The neutral precursors of the type (12-crown-4)Ln(CHj-
SiMes)3 and Ln(CH;SiMe3)3(THF), (n=2,3; Ln=Sc, Y, Lu)
have been utilized in the preparation of a series of mono-
and di-cationic trimethylsilylmethyl lanthanide complexes sup-
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Scheme 1. (Cn=1,4,7-trimethyl-1,4,7-triazacyclononane).

ported by THF and 12-crown-4 ligands as solvent-separated
ion pairs with [BPh4]™, [BPh3(CH2SiMe3)]™, [B(CeF5)4],
[B(CgF5)3(CH,SiMes)]—, and [AI(CH;SiMe3)4]™ anions. X-
ray crystallography of only the second structurally characterized
dicationic rare-earth metal alkyl complex, [Y(CH,SiMe3)(12-
crown-4)(THF)3]2+[BPh4]_2 showed exocyclic 12-crown-4
coordination at the 8-coordinate metal center with well sepa-
rated counteranions (Fig. 4) [8].

Me
NLMe
H.C i CH
Me\N'>|I_n(
Me—" l "N
CH, | “Me
e
Ln=Y, La
Scheme 2.

Attempted synthesis of sterically demanding bis- or tris-[3-
diketiminato complexes of lanthanides resulted in ligand depro-
tonation and formation of complexes containing both a “normal”
and a deprotonated ligand. As an example, a thulium derivative
is shown in Scheme 5 [9].

A rare family of base-free organoscandium alkyl cations
stabilized by P-diketiminato ligands (Ar)NC(R)CHC(R)NAr
(Ar=2,6-PriC¢Hs; R =Me (LM®), R=Bu’ (LB"") has been pre-
pared by reaction of LScR, with the perfluorinated boranes
B(CgFs)3 and (C12Fg)B(C¢Fs). While the LM® ancillary lig-

_ML
Me I\{I i
: M _
L,,M:ME \|( = ML, = AlMe;
Me” | Ve ML, = Li(THF),
Me_ |
ML,
H']
H

[YMeo(THF)s] [BPhy] —— > [YMe(THF)sJ** [BPha]2

Scheme 3.
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Fig. 1. Molecular structure of the cation in [YMe;(THF)5][BPh4] [6].

and lacked sufficient steric bulk to prevent C¢Fs transfer to the
metal center, the LBY _derivatives were found to be quite robust
in solution. Fig. 5 depicts the molecular structure of the con-
tact ion pair endo-[LM®Sc(CgF5)]*[MeB(CgFs)3]~ containing a
bridging methyl group and a pentafluorophenyl unit transferred
onto the scandium center [10]. Related chemistry has also been
reported for samarium [11].

Various other nitrogen- and/or oxygen-coordinated polyden-
tate ancillary ligands have been employed to stabilize heterolep-
tic lanthanide alkyls and aryls. For example, the two methyl
complexes with Ln=Er, Yb shown in Scheme 6 have been
prepared in moderate yields from the corresponding chloro pre-
cursors and methyllithium at low temperature. The crystal and
molecular structure of the ytterbium derivative has been eluci-
dated by X-ray diffraction, verifying its monomeric structure
with and Yb—C distance of 2.441(4) A (Fig. 6) [12].

"""" “CH,SiMe
Me38|CH2/ Gt
CHzSIME:;

Me3[9]aneN3(
M(CH,SiMe3)3(THF )3

Me3[6]aneN3l MESSCON:

Me’@N/
Me38|CH2/ " CH,SiMes

CHQSIM83

HC(Mespz)s3

Fig. 2. Molecular structure of [HC(Me;pz)3]Sc(CH,SiMe3)s [7].

Other ligand systems which have been utilized to stabilize
alkyl and aryl lanthanide complexes include diamidoamine,
biphenolate and binaphtholate ligands. A typical example of
a diamidoamine complex containing an additional chelating
o-aryl ligand is shown in Scheme 7. This compound is acces-
sible by treatment of the homoleptic yttrium aryl complex Y (o-
CgH4NMe,)3 with the free triamine under arene elimination
[13].

: M.,
ME3SICH2/I ECHzSiMEg
CstiMeg

Scheme 4.
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Fig. 3. Molecular structure of (12-crown-4)Sc(CH,SiMe3)3 [8].
Fig. 5. Molecular structure of endo—[LMeSc(C6F5)]*[MeB(C6F5 )31~ [10].

MEN Me o~
M
YA

Ln=Yb, Er

Scheme 6.

Fig. 4. Molecular structure of the dication in [Y(CH2SiMe3)(12-crown-
4)(THF)31**[BPh4] 2 [8].

Fig. 6. Molecular structure of [MezNCH2CH2N{CH2(2—OC6H2Bu’2—3,5)}2]—
Scheme 5. (Ar=2,6-PryiCgHs). YbMe(THF) [12].
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Scheme 8.

Yet another ligand systems which has been reported to afford
stable mono(alkyl) lanthanide complexes involves diamino-
bis(phenolate) ligands. The compounds shown in Scheme 8 have
been isolated and characterized by spectroscopic methods and
elemental analyses [14].

[Sc(CH2SiMe3)3(THF)2]

Fig. 7. Molecular structure of ("Pr-trisox)Sc(CH, SiMes )3 [15].

Neutral, mono- and di-cationic scandium alkyls have been
synthesized using a tridentate trisoxazoline ligand system. The
trialkyl complex (‘Pr-trisox)Sc(CH,SiMe;)3 was prepared by
the reaction of the trialkyl precursor Sc(CH;SiMe3)3(THF),
with an equimolar amount of Pr-trisox according to
Scheme 9. Fig. 7 shows the molecular structure of (‘Pr-
trisox)Sc(CH»SiMe;)3. By successive addition of 1 or 2 equiv.
of [Ph3C][B(C¢Fs)4] the corresponding mono- and di-cationic
species could be generated (Scheme 9) [15].

31X

iPr-trisox

[B(CsFs)4] 2

[Ph3C][B(CgFs)a]

) O>
|/|'\L.
Me;gsi/ Il \

Me,Si SMes

[PhsC][B(CgF5)4]
- PhsCCH,SiMes

H
o O>“ [B(CeFs)al
s

(S = solvent)

- PhCCH;SiNle, N\ p :_ <

SC/\

MesSi  SiMes

Scheme 9.
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Scheme 10. (i) Ce[N(SiMe3)2]3, toluene, —LiBr, -HN(SiMe3),; (ii) Ce[N(SiMe3)2]3, toluene, —LiN(SiMe3 )2, —HN(SiMe3 )o; (iii) Lil, 80 °C, —-LiN(SiMe3)>.

Cerium(IIl) complexes containing an amido-tethered N-
heterocyclic carbene ligand have been synthesized according
to Scheme 10. All three products have been structurally charac-
terized by X-ray diffraction. Figs. 8 and 9 depict the molecular
structures of the bromo-bridged dimer and the bis(silylamide)
derivative, respectively [16].

A regiospecific functionalization of the pendant-arm hete-
rocyclic carbene ligand has been observed upon treatment of
the neodymium complex LNd[N(SiMes3);]» with trimethylsi-
lyl iodide. In the course of this reaction a trimethylsi-
lyl group is introduced at the C4-carbene ring position
to afford the silylated complex [L'Nd{N(SiMe3s)}(pn-D]2
(L’ =Bu’C3H(SiMe3)N,CH,CH,NBu'). An attempted reduc-
tion of this compound with potassium graphite led to formation
of L'Nd[N(SiMe3)2]> (Scheme 11) [17].

Cerium—carbon bonds are involved in two novel cerium(III)
complexes containing the C1-symmetric bis(silyl)methyl ligand
[CH(SiMe3){SiMe(OMe), } 1~ [18]. Weak Ln- - -C interactions
have been detected in several lanthanide complexes containing

C(11)

C@)

Fig. 8. Molecular structure of [LCe(p.—Br){N(SiMe_g)ﬂz (L=Bu’C3H,N,CH,
CH,NBu') [16].

bulky bis(phosphinimino)methanide ligands, which otherwise
should not be considered organo lanthanide complexes in the
strict sense [19,20].

2.3. Lanthanide alkenyl and alkynyl compounds

The nature of the chemical bonding in the 1:1 complexes
formed by the first-row transition metals and C,H>, including
Sc(C2Hy), has been investigated using an electron localization
function (ELF) topological approach. The cyclic structure of
Sc(CHy) possesses two covalent Sc—C bonds [21]. A theoreti-
cal study of the ScC,, ScC,,*, and ScC,,~ (n=1-8) open-chain
clusters has been carried out. Predictions for their electronic
energies, rotational constants, dipole moments and vibrational
frequencies have been made using the B3LYP method with dif-
ferent basis sets including effective core potentials, ECPs. For

c(15)

Fig. 9. Molecular structure of LCe[N(SiMe3),]» (L=Bu'C3H,N,CH,CH;
NBu’) [16].
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Scheme 11. (N” =N(SiMe3),).

the ScC,, open-chain clusters the lowest-lying states correspond
to quartet states for n-odd members, whereas for n-even species
the ground state is found to be a doublet. In the cationic and
anionic species, the electronic ground state is found to be a
singlet for even n and a triplet for odd n. An even-odd parity
effect (n-even clusters being more stable than n-odd ones) was
observed in neutral and charged clusters [22].

2.4. Lanthanide allyls

The divalent lanthanide allyl complexes [1,3-(Me3Si)
C3H3]oLn(THF); (Ln=Sm, Eu, Yb) can be readily prepared
from the bis(triflate) precursors (Scheme 12). The correspond-
ing lanthanide diiodides can be used as well, and no difference
was found when either precursor was used. If Yb(III) or Eu(III)
triflate is treated with K[1,3-(Me3Si),C3H3](=K[A’]), reduction
to the lanthanide(III) product is observed, but the yield of the
allyl complex is reduced (<50%) [23].

All three lanthanide(II) allyls have been crystallographically
characterized. Fig. 10 shows the europium derivative as a typi-
cal example. The monomeric complex comprises trihapto allyl
ligands and cis-ligated THF molecules. The two allyl ligands
are in anti-configuration and the angle between the C3 planes is
118.3° [23].

In the same manner neutral tris(allyl)lanthanide complexes
containing the 1,3-bis(trimethylsilyl)allyl ligand have been pre-
pared according to Scheme 13. The crystal and molecular struc-
tures of all three representatives have been determined by X-ray
diffraction. The molecules contain three trihapto allyl ligands
and a single THF ligand [23].

Reactions of LnCl3(THF),, (Ln=La, n=4; Ln=Y, Sm, Nd,
n=3) with 3 equiv. of allyIMgCl in THF/1,4-dioxane followed
by crystallization from 1,4-dioxane/toluene was reported to pro-
ceed in very high yields to give the tris(n>-allyl) complexes (-
dioxane)[La(m>-C3Hs)3(k !-dioxane)], and [Ln(n>-C3Hs)3(p-

Eu(OTf),,
Yb(OTf)(THF)3, K[A1, THF
_—
or
Sml,

(OTf=0S0,CF3)

Scheme 12.

Fig. 10. Molecular structure of [1,3-(Me3Si),C3H3]Eu(THF) [23].

dioxane)]so (Ln=Y, Sm, Nd) (Scheme 14). Improved one-pot
syntheses for the tris(n?>-allyl) lanthanum and neodymium com-
pounds have also been reported in this contribution. The crys-
tal structures of the polymeric yttrium and samarium deriva-
tives showed that the compounds consist of distorted square-
pyramidal lanthanide centers in linear polymer chains as illus-
trated in Figs. 11 and 12. The latter shows a crystal struc-
ture packing diagram of the linear polymeric chains of [Y(n?3-
C3Hs)3(-dioxane)]s, with the n3-allyl groups in alternating

SiMe; Me;Si

Ln(OTR), _ KALtE _

Scheme 13.



150 J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 251 (2007) 142-202

THF, 1,4-dioxane
15h, RT

-3 MgCl

MgCl
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Ar=
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Ln=Y, Sm, Nd

or
[{La(n*-C3Hs)3(n'-C4HgO)ka(u-C4HgOy)

Scheme 14.

orientations and the bridging 1,4-dioxane ligands in chair con-
formation [24].

Reactions of (p-dioxane)[La(m>-C3Hs)3(k!-dioxane)],
and [Ln(n>-C3Hs)3(p-dioxane)lss (Ln=Y, Sm, Nd) with
the diketimine ligand 2-(2,6-diisopropylphenyl)amino-4-
(2,6-diisopropylphenyl)imino-2-pentene (BDI-H) in THF at
60°C cleanly generated the B-diketiminato complexes Ln(m?3-
C3Hs)s[k2-HC(MeCNAr),] (Ar=2,6-CgH3Pro’; Ln=La, Y,
Sm, Nd) with propene elimination (Scheme 14). The crystal
structure of the samarium complex showed a distorted pseudo-
tetrahedral SmNj(allyl), core, with the samarium positioned
1.438(4) A out of the C3N» ligand plane (Fig. 13) [24].

Novel types of hexa-1,5-diene-1,6-diamide neodymium com-
plexes have been prepared from the THF adduct of neodymium
bromide, NdBr3(THF)3 5, and the appropriate dilithium hexa-
1,5-diene-1,6-diamide reagent. The initially formed product,
shown in the center of Scheme 15, undergoes dimerizaion
upon repeated crystallization from 1,2-dimethoxyethane (DME)
(Scheme 15 top). When NdBr3(THF);3 5 was treated with 2 equiv.
of the dilithium reagent, a nearly colorless anionic complex was
produced (Scheme 15 bottom). The molecular structures of the
new complexes revealed that the chelating hexa-1,5-diene-1,6-
diamide can be bound either as an enamide or as an azaallyl-type
ligand [25].

Fig. 11. View of a fragment of the polymeric complex [Y(T]3—C3H5)3(pu—dioxane)]oo [24].
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iPr

iPr

(DIVIE)Li

Li(DME)3"

Fig. 12. Crystal structure of polymeric [Y(n3—C3H5)3(pt—dioxane)Joo. Projec-
tion of the linear polymer chains down the b-axis [24].

2.5. Lanthanide cyclopentadienyl complexes i

2.5.1. CpyLn compounds

A thulium(Il) metallocene complex, (CsH3Bu5-1,3)2-
Tm(THF), has been synthesized from Tml,(THF)3 and 2 equiv.
of Na(C5H3Bu’2-1,3) and isolated as a dark reddish-purple solid
(Scheme 16) [26].

Li(DME)3"
2.5.2. CpLnX; compounds

The mono(cyclopentadienyl) compounds (CsHzBu’)Lnl,
(Ln=La, Ce, Nd) were formed in THF by comproportionation
reactions of Ln(CsH4Bu’); and Lnl3 in the molar ratio of 1:2.
Reactions of Lnlz (Ln=La, Ce, Nd) with one molar equiva-
lent of Li(CsH4Bu’) in THF also afforded the (CsH4Bu’)Lnl,
complexes. The X-ray crystal structures of (CsHsBu)Lnl,(py)s3

Scheme 15.

(Ln=La, Ce, Nd) have been determined [27]. The reaction of
CpsNd with the bis(phenolate) ligand 2,2’-methylenebis(6-zert-
butyl-4-methylphenoxo) (MBMP2~) in a 1:1 molar ratio in THF
according to Scheme 17 produced the bis(phenolato)lanthanide
complex CpNd(MBMP)(THF), as pale blue microcrystals in
nearly quantitative yield [28].

The acid-base reactions between the scandium-tris(alkyl)
complex Sc(CH;SiMe3)3;(THF); and silyl-substituted cyclo-

c30 C31

Bu
L‘/@ Tmh(THF)> | Bu
e e e
B g Bu TEL0.0°C . Tm—O:j

Fig. 13. Molecular structure of Sm(n3—C3H5)Z[KZ-HC(MeCNAr)Z] (Ar=2,6-
CeH3Pry') [24]. Scheme 16.
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Sc(CHaSiMey)s(THF), — == 5 Cp'Sc(CH2SiMe3)>(THF)
hexane, 25°C
-SiMey

Cp' = CsMe,SiMes, 78 %
Cp' = 1,3-(SiMe3),CsHs, 49 %

Scheme 18.

Fig. 14. Molecular structure of [CsH3z(SiMes);-1,3]Sc(CH2SiMes)2(THF)
[29].

pentadienyl ligands Cp'H easily afford the corresponding
mono(cyclopentadienyl)scandium-bis(alkyl) complexes Cp’Sc-
(CH,SiMe3)2(THF) (Scheme 18, Cp’ =CsMeysSiMes, CsHs-
(SiMe3);-1,3). The molecular structure of [CsHj3(SiMe3),-
1,3]Sc(CH;SiMe3),(THF) is shown in Fig. 14. The monomeric

197

l‘l
Q

Si1’

Fig. 15. Molecular structure of [(C5M€4SiM63)Y(M-’T]1 :nl -0,CCH,SiMe3 ) ]
[30].

compound adopts the typical three-legged piano-stool geometry
in the solid state [29].

The mono(cyclopentadienyl)lanthanide bis(alkyl) complexes
have been investigated as single-component catalysts for the
alternating copolymerization of cyclohexene oxide and carbon
dioxide. In the course of this study, the stoichiometric reac-
tion of the bis(alkyl) complexes (CsMe4SiMe3)Ln(CH,SiMe3)»
(Ln=Sc, Y, Lu) with CO; were found to quantita-
tively afford the corresponding bis(carboxylate) complexes
[(CsMe4SiMe3)Ln(u-n':m'-0,CCH,SiMe3); |5, which adopt a
dimeric structure through the carboxylate bridges (Scheme 19,
Fig. 15) [30].

The chemistry of organolanthanide imido complexes still
awaits exploration, and the reactions of lanthanide-imido com-
plexes have remained almost unexplored to date. In 2005 it was
found that compounds containing the novel LnsNy4 cubane core
structure exhibit unprecedented reactivity (Scheme 20) [31].
The starting materials [(CsH4SiMe3s)Ln(3-NCH,R)]4 (Ln=Y,
Lu) were made by allowing the tetranuclear lanthanide polyhy-
drido complexes [(CsH4SiMes3)Ln(p-H)>]4(THF) to react with

ME3SICH2
CH25|M33 SIMB3
CHzSiMe; CO; (1 atm)
—=CH,SiMe; ——
Lr—>"25 o o,
. 0.5 h, benzene
Me;Si THF -THF .
98- 100 % Me;Si Me3S|CH2 CHZS|Me3
Ln=Y, Lu, Sc

Scheme 19.
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RT, 12 h, C4Hg /o j
-MeCN Me Cp' Me
80 %
Scheme 20.

nitriles RCN. This reaction involves double addition of the
Ln—H units across the C=N bond. In their high reactivity the
lanthanide-imido complexes differ from their d-transition metal
counterparts. Depending on the stoichiometries of the starting
materials, the cubane clusters add different amounts of benzoni-
trile (Scheme 20). The products catalyze the trimerization of
benzonitrile [31].

The reaction of [Me;Si(CsMey)(NPh)]Y(CH,SiMes)(THF)
with 1 equiv. of phenylacetylene yielded quantitatively the cor-
responding phenylacetylide as illustrated in Scheme 21. Nucl-
eophilic addition of the latter to 1,3-di-fert-butylcarbodiimide
took place rapidly at 80°C to give the corresponding propio-
lamidinate complex [32].

A mono(cyclopentadienyl) ytterbium complex contain-
ing a linked bis(amidinate) dianionic ligand, CpYbL(DME)
[L =Me3SiNC(Ph)N(CH;)3NC(Ph)NSiMes] has been prepared
by allowing LYbCI(THF); to react with 1equiv. of NaCp in
DME [33].

DFT calculations revealed some unprecedented aspects
of the structure of the tetranuclear lutetium and yttrium
polyhydride complexes (CsH4SiMe3)sLnsHg (Ln=Lu, Y).

In contrast with the previously described X-ray analysis of
(CsH4SiMes)4LugHg, which suffered from a serious disorder
problem and showed a C»,-symmetrical structure with one body-
centered p4-H, two face-capping w3-H, and five edge-bridging
w2-H atoms, the DFT studies indicated that the optimized LngHg
core prefers a pseudo-Cs,-symmetrical structure with one body-
centered p4-H, one face-capping p3-H, and six edge-bridging
pw2-H atoms. Metal-metal orbital interactions via the hydride
bridges were also observed in these complexes. The w4-H bond-
ing fashion, a new bonding mode for hydrogen, was well proved
by the Wiberg bond indexes and linear overlap bond orders. The
X-ray crystal structure of (CsH4SiMe3)s Y4Hg (Fig. 16), which
was solved without disorder problems, showed excellent agree-
ment with the theoretical calculations [34].

2.5.3. CpoLnX compounds

The stability and nature of metal-ligand multiple bonding
between the tetravalent lanthanide element cerium and a number
of different ligand sets that commonly form metal-ligand multi-
ple bonds in transition element chemistry have been investigated
theoretically. A comparison of electronic structure and bonding
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in ahomologous series of bent metallocene complexes Cp,CeF™, The bis(cyclopentadienyl) compounds (CsHzBu’);Lnl

Cp2CeO, CprCe(NH), Cp2Ce(CH>), and Cp2Ce(CH)™ and the (Ln=La, Ce, Nd) were formed in THF by comproportionation
Lewis base adduct Cp,Ce(CH,)(NH3) has been presented. A reactions of Ln(CsH4Bu’)3 and Lnl3 in the molar ratio of 2:1.
direct comparison of bonding between CpyCeO and the transi- Reactions of Lnlz (Ln =La, Ce, Nd) with two molar equivalents
tion element analogue Cp,HfO was also discussed. The main of Li(CsH4Bu?) in THF afforded the anionic [(CsH4Bu’),Lnl, ]~
result of this computational study was the recognition that complexes. The X-ray crystal structures of [(CsHsBu®),Ce(p-
species with terminal multiple bonds between lanthanide ions I)]> and (CsH4Bu’);NdI(py), have been determined [27]. The
(such as tetravalent cerium) and main group elements appear to crystal and molecular structure of the chloro-bridged dimer
be legitimate synthetic targets [35]. di-p.-chloro-bis[bis(cumylcyclopentadienyl)yttrium(II)] have
been determined by X-ray diffraction [36]. Reactions of the
yttrium metallocene allyl complex [(C5H4)SiMe,(CH,CH=

- CH»)]2Y(C3Hs) with ethylene, trimethylaluminum, and

22 hydrogen have been examined to determine how the olefins

B '2 tethered to the cyclopentadienyl ligands interact with these

o species that are typically present in olefin polymerizations.
‘ crr cia o7 The starting material [(CsH4)SiMe,(CH,CH=CH;)]>Y(C3Hs)

was prepared from allylmagnesium chloride and [(CsHa)-
(.Sa 4 0) Cat SiMe,(CH,CH=CH,)], YCI and isolated in the form of bright
cie ‘_ yellow crystals in 72% yield (Scheme 22). An X-ray structure

i .. analysis of [(CsH4)SiMe,(CH,CH=CH;)]>Y(C3Hs) revealed
that the alkenes are oriented away from the yttrium metal center

$i1 c5 ‘ 5

VL c8 car C41 .
i e .) Y (Fig. 17) [37).
c1o : " Hydrogen for fluorine exchange in CgFg and CgFsH by
c2 i C38 Y) the monomeric organocerium hydride (CsH,Bujz’-1,3,4),CeH
6 o3 S Uy Gt has been thoroughly investigated in experimental and computa-

tional studies. The synthetic sequence begins with the synthesis
c4z of the bis(1,3,4-tri-tert-butylcyclopentadienyl) cerium triflate,

) &

C cas O (CsHyBu3’-1,3,4),CeOTf (Tf=0S0,CF3), then replacing the
oo Xh c25 2 §_C30 triflate by a benzyl group with the use of the Grignard reagent

0 PhCH,>MgCl. Addition of Hy to the benzyl derivative in pen-

/LH 27 &5 tane produced the deep purple hydride (CsH,Buj-1,3, 4)>CeH,

03 29 sy 2 which may be crystallized from pentane. The solid-state struc-

ture clearly revealed that the hydride is a monomer (Fig. 18)
Fig. 16. Molecular structure of (CsH4SiMe3)s Y4Hg [34]. [38].
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[(CsMe4)SiMey(CH,CH=CHo)LYCI + (C3Hs)MgCl ———= \ , 7

Y

+ MgClo

Si_
%/‘

Scheme 22.

The corresponding fluoride was prepared by allowing
(C5H2Bug-1,3, 4),Ce(CH>Ph) to react with BF3(OEt;) in pen-
tane. According to an X-ray diffraction analysis, the fluoride
complex too is a monomer in the solid-state [38].

The net reaction of monomeric (Cs H2Bu’3—1,3, 4),CeH with
CeFg in CgDg was shown to afford (C5H2Bu’3-1,3, 4),CeF,
Hj, and tetrafluorobenzyne. The pentafluorophenylmetallocene
(C5H2Bu’3-1,3, 4),Ce(CgFs) is formed as an intermediate that
decomposes slowly to (CsHaBuj-1,3, 4),CeF (orange crystals)
and CgF4 (tetrafluorobenzyne), and the latter is trapped by the
solvent C¢Dg as a [2+4] cycloadduct. Fig. 19 illustrates the
molecular structure of the pentafluorophenyl complex [38].

Hydrogen for fluorine exchange in CH4_,F, by the
monomeric hydride (Cs H2But3— 1,3, 4),CeH has also been inves-
tigated by experimental and computational methods. The met-
allocene cerium hydride reacts instantaneously with CH3F,

c28 C27

Fig. 17. Molecular structure of [(CsH4)SiMe,(CH,CH=CH,)], Y(C3Hs) [37].

Fig. 18. Molecular structure of (CsHyBus’-1,3,4),CeH [38].

but slower with CHyF, to give (CsH;Buj-1,3,4),CeF and
CH4 in each case, a net H for F exchange reaction. The
hydride reacts very slowly with CHF3, and not at all with
CFy4, to give (C5H2Bu’3-1,3, 4),CeF, Hp and 1,2,4- and 1,3,5-
tri-tert-butylbenzene. The substituted benzenes are postulated to

Fig. 19. Molecular structure of (CsH,Busz’-1,3,4),Ce(CgFs) [38].
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Fig. 20. Molecular structure of [CprGd{p-n':m?-N=C(NMe,), }1» [40].

result from trapping of a fluorocarbene fragment derived by o-
fluoride abstraction from an intermediate fluoroalkyl complex,
(CsHyBuj-1,3, 4),CeCFj3 [39].

Reactions of [CpLn(pn-Cl)], with LiN=C(NMe;), pro-
ceeded at room temperature in THF to yield the lanthanocene
guanidinate complexes [CpoLn{u-n':m>-N=C(NMe;),}1»
(Ln=Gd, Er). Fig. 20 shows the molecular structure of the
gadolinium derivative. The X-ray analysis showed an unusual
bonding mode of the guanidinate ligand N=C(NMe,), ™, which
acts both as a bridging and a chelating group. Each gadolinium
atom is coordinated by two m’-cyclopentadienyl groups, one
chelating m2-guanidinate ligand and one bridging nitrogen atom
from another guanidinate ligand, to form a distorted octahedral

geometry. Treatment of these complexes with phenylisocyanate
resulted in monoinsertion of PhNCO into the Ln-N bond
to yield the corresponding insertion products [CpoLn{p-
n!:m2-OC(N=C(NMe;),)NPh}]. Fig. 21 depicts the bridging
coordination mode of the resulting new ligand in the case of
the gadolinium derivative. Monomeric guanidinoacetimidi-
nate complexes of the type szLn[(PriN)QC(N=C(NMe2)2)]
(Ln =Dy, Er, Yb) were obtained by treatment of [Cp,Ln(u-Cl)]2
with Li[(Pr'N),C(N=C(NMe,),)]. The molecular structure of
the ytterbium complex is illustrated in Fig. 22. The complex
forms a solvent-free monomer with the ytterbium atom bonded
to two m>-cyclopentadienyl rings and one chelating guanidi-
noacetamidinate ligand [(PriN),C(N=C(NMe3),)]~ to form a
distorted pseudo-tetrahedral coordination geometry [40].

Similar insertion reactions of phenyl isocyanate into
lanthanide-sulfur bonds have been investigated [41]. In a
related study the synthesis and reactivity of new lanthanocene
complexes incorporating a phenothiazine ligand have been
described. The reaction of phenothiazine (HPtz) with Bu"Li in
THF and subsequently with 1 equiv. of Cp,LnCI(THF) gave the
starting materials Cp,LnPtz(THF) (Ln=Y, Dy, Er, Yb). Treat-
ment of these complexes with N,N'-diisopropylcarbodiimide
according to Scheme 23 resulted in mono-insertion of carbodi-
imide into the Ln—N(Ptz) bond to yield the corresponding guani-
dinates szLn[(PriN)QC(Ptz)]. Analogous insertion reactions
have been carried out with phenyl isothiocyanate. Fig. 23 shows
the molecular structure of the ytterbium guanidinate derivative
Cp2 Yb[(PriN),C(Ptz)] [42].

The organosamarium thiolate complex [(MeCsH4),Sm(j-
SPh)(THF)], has been synthesized in high yield as yellow
crystals by treatment of (MeCsH4)3Sm with PhSH in a 1:1
molar ratio in THF solution [43]. Reaction of [Cp;Ln(-Me)]»
with 2 equiv. of elemental sulfur in toluene at room temperature
led to formation of the methylthiolate complexes [CpaLn(j-
SMe)]» (Ln=Yb, Y, Er, Dy) in good yields. While reaction of

Fig. 21. Molecular structure of [Cp,Gd{w-n':m?-OC(N=C(NMe;),)NPh}], [40].
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Scheme 23.

Cp2Y(Bu") with elemental sulfur in a 1:1 stoichiometric ratio
under the same conditions afforded [(Cp2Y)2(w3-S)(THF)]2
as the metal-containing product accompanied by the extrusion
of BujS and BujS,, the corresponding insertion intermediate
[Cp2Y (n-SBu™)], could be isolated only by decreasing the rela-
tive amount of Sg under more mild reaction conditions. Further-
more, [Cpa Yb(-SEt)]> was found to react with 2 equiv. of sulfur
to give a mixture of [(Cp2Yb)2(3-S)(THF)], and (p—nzznz—
S2)[Cp2Yb(THF)],. Fig. 24 shows the molecular structure of

[Cp2Yb(p-SMe)]» (orange-red crystals), while the solid-state
structure of [(CpaYb)2(w3-S)(THF)], (red crystals) is depicted
in Fig. 25. The latter is a centrosymmetric square-planar tetra-
metallic structure, in which each S>~ ligand bridges three metal
atoms [44].

The molecular structure of the disulfide-bridged dinuclear
ytterbium complex (u-12:m2-S2)[Cp2Yb(THF)], (dark green
crystals) has also been determined by X-ray diffraction. The
formal coordination number in this complex is 9, and the S-S
bond length is 2.115(4) A (Fig. 26) [44].

Fig. 23. Molecular structure of Cngb[(PriN)QC(Ptz)] [42].

Fig. 24. Molecular structure of [Cp, Yb(p-SMe)], [44].
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Fig. 25. Molecular structure of [(Cp2Yb)2(3-S)(THF)], [44].

An unusual regioselective O, oxidation reaction of air-
sensitive lanthanocene thiolates has been reported, revealing
a novel oxygenation pattern of thiolate ligands. Complexes
[Cp2Ln{SC(Bu")NPh}]2 (Ln=Y, Gd) were prepared in good
yields by the reaction of PhNCS with Bu"Li and subse-
quently with Cp,LnCl in toluene. When solution of these
complexes in THF/toluene were exposed to an N atmo-
sphere with limited amounts of dried air at ambient tem-
perature (ca. 12h), both were converted into O-bound sulfe-
nate complexes [Cp2Ln{OSC(Bu")NPh}], (Ln=Y, 35% yield;
Ln=Gd, 41% yield) (Scheme 24). The samarium analogue
[Cp2Sm{OSC(Bu")NPh}], was obtained in 44% yield by reac-
tion of CppSmCI(THF) with PhNC(Bu"*)SLi in toluene, fol-
lowed by slow diffusion of trace O, into the reaction flask. The
molecular structures of the Y and Sm derivatives have been con-
firmed by X-ray diffraction analyses [45].

(CsMegqH)3Lu  or (CsMesH),Lu[(-Ph),BPhy]  were
reduced with potassium graphite under dinitrogen in THF to
afford in both cases the bridging dinitrogen complex (p-12:m>-
No)[(CsMesH),Lu(THF)] (Scheme 25). The highest yields
(80%) were obtained when (CsMesH),Lu[(-Ph),BPh,] was
used as precursor [46].

2.5.4. Cp3Ln compounds

Tris(cyclopentadienyl)scandium, Cp3Sc, has been isolated in
Ar-matrices (20 K) and the structure of monomeric Cp3Sc has
been studied using infrared spectroscopy. When compared with
the spectra and results of density functional calculations, the
matrix-isolated Cp3Sc was found to have a structure where all
three of the cyclopentadienyl rings coordinate to scandium in 1
fashion, (ns-Cp)3 Sc, which is different from the structure in the
solid-state. Moreover, a stable dimeric structure was estimated

Fig. 26. Molecular structure of (pu—'qz:nz—Sz)[szYb(THF)]z [44].
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(EtSCH;,CH;,C5H4)3Sm in THF with trace O,, added intermit-
ﬂ tently over several days at ambient temperature under an atmo-
@ sphere of nitrogen, gave the unusual side-chain oxidation prod-
\ AL TG uct (EtSCH>CH,CsHu)[EtS(0)CoH4CsHalSm in 43% yield
LU\ B + QKCa —_— >
_ 2KBPh4 (Scheme 26) [45]

\© - graphite The previously inaccessible smallest member of the
(CsMe4H)sLn series, (CsMegH)sLu, has been synthesized from

Scheme 25.

to be [(m°-Cp)2Sc(w-n'-Cp:n'-Cp)l,, using density functional
calculations [47].

Selective O, oxidation of a chelating thioether group
in a CpsLn-type complex has been reported. The start-
ing material, (EtSCH,CH>CsH4)3Sm was prepared in 54%
yield by the reaction of anhydrous SmCl; with 3equiv. of
NaCsH4CH,CH,SEt in THFE. Treatment of a solution of

g 21
S

0,
—_—

(CsMegH),Lu[(w-Ph);BPh;] and KCsMe4H and isolated as a
yellow powder in 90% yield [46].

2.5.5. Cp3LnL and Cp3LnL; compounds

CpsLn(THF)-type complexes containing 1,2-phenylene-
dioxoborylcyclopentadienyl ligands have been reported for
Ln=La, Ce, and YD in the form of colorless, pale yellow and
pink crystals, respectively (Scheme 27) [48].

2.5.6. Pentamethylcyclopentadienyl compounds

2.5.6.1. Cp3M compounds. A new N-heterocyclic complex
of decamethylytterbocene, Cp3Yb, has been prepared by
the addition of 4’-cyano-2,2":6',2”-terpyridine (terpyCN) to
CpéYbH (OEty) in toluene to give a dark blue species designated
as Cp; Yb(terpyCN) (Scheme 28). The compound undergoes
oxidation with ferrocinium hexafluorophosphate in THF to give
an Yb' complex with a neutral terpyCN ligand as the major
product (80% isolated yield) of the reaction. An unusual side
product (<5% yield) was also formed during this oxidation reac-

EtS
“@/&ﬁla

SEt
Scheme 26.
MesSi.  H
/ ’
B ——> Ln B (THF)
\ \ LnCly < \zj@

Ln=La,Ce, Yb

Scheme 27.



160 J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 251 (2007) 142-202

[Fl[PFg]

Scheme 28.

tion in which the nitrile group is cleaved from the terpyridine
and a new C—C bond is formed between the terpyridine and a
Cp” ligand (Scheme 28) [49].

2.5.6.2. Mono(pentamethylcyclopentadienyl)lanthanide(IIl)

compounds. The synthesis and characterization of complexes
containing a Cp“Sc(Rabipy) motif (Rpbipy=4,4'-R,R-
2,2'-bipyridine, R=H, Me) have been described. The
starting material, bright yellow Cp“Scl,, was prepared from
Cp*Sc(acac)z (acac =acetylacetonato) and All3 (2equiv.) in
pentane (63% yield). In the solid-state, Cp“Scl, forms an
inversion-symmetric, cyclic tetramer as shown in Fig. 27 [50].

Fig. 27. Molecular structure of [Cp*ScIZ]4 [50].

Attempts to prepare phosphine derivatives of Cp“Scl,
were largely unsuccessful, although it did react cleanly with
bis(dimethylphosphino)ethane (dmpe) in toluene according to
Scheme 29 to precipitate colorless crystals of [Cp”Sclp(j.-
dmpe)]», isolated in 24% yield [50].

Cp*Scl, was also found to react with bipyridine (bipy)
and 4,4'-dimethyl-2,2"-bipyridine (dmb) in benzene to yield
Cp“Scly(bipy) (bright orange) and Cp”Scly(dmb) (bright yel-
low), respectively. Cp*Scl(bipy) was reduced by alkali metal
reductants such as Na/Hg, NaK,, and K in aromatic solvents
to yield [Cp*Scl(bipy)]2, which was isolated in the form of
large black crystals (Scheme 30). As shown in Figs. 28 and 29,
[Cp*ScI(bipy)]z has a dimeric structure in which the two scan-
dium centers are bridged by the two iodide ligands. A Cp”
and a bipyridine ligand complete the coordination sphere of
each scandium. Each scandium center is thus in a square
pyramidal coordination environment with the Cp” centroid
occupying the apical position. The two bipyridine ligands

I”?S{\‘“I
MGQP\ PMes
Cp*Sch + d toluene j
proCh + AMPe e 25°C
/
MEzFi_ PM92
EY /

—go— I

S

Scheme 29.
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N"’Sc Na / Hg or NaK; or K

/ \ benzene or toluene

Scheme 30.

@@

Fig. 29. Side view of [Cp*ScI(bipy)]g [50].

. toluene
Cp*ScCl, + Lix(DME);bpy —Zamc™

Scheme 31.

are arranged in a cis-orientation and are coplanar (Fig. 29)
[50].

The chloride analogue, [Cp” ScCl(bipy)],, was prepared from
Cp“ScCl, by salt metathesis with Li(DME),bipy (DME = 1,2-
dimethoxyethane) in toluene according to Scheme 31. This
compound too forms black crystals [50].

Reaction of SmClz with 1equiv. of the (-diketiminato
precursor KL (L =[DippNC(Me)CHC(Me)NDipp; Dipp=2,6-
Pr,iC¢H3) in THF afforded the dimeric samarium dichlo-
ride LSmCI,(THF)Cl,SmL. Reaction of this complex with
KCp" afforded the mono(pentamethylcyclopentadienyl) deriva-
tive LSmCp“Cl as orange crystals in 76% yield [11]. The
acid-base reactions between the scandium-tris(alkyl) com-
plex Sc(CH,SiMe3)3(THF); and pentamethylcyclopentadiene
easily afforded the corresponding mono(pentamethylcyclopen-
tadienyl)scandium-bis(alkyl) complex CP*SC(CstiMe:),)Z-
(THF) in 65% yield (Scheme 32) [29].

2.5.6.3. Bis(pentamethylcyclopentadienyl)lanthanide(Ill) com-
pounds. To compare the ligand-based reduction chemistry of
(EPh)~ ligands (E=S5, Se, Te) in a metallocene environment to
the sterically induced reduction chemistry of the Cp*-ligands
in Cp5Sm, Cp3Sm(EPh) complexes have been synthesized
and treated with substrates reduced by CpiSm: cyclooctate-
traene; azobenzene; phenazine. Reactions of PhEEPh with
Cp5Sm(THF), and Cp3Sm produced THF-solvated monometal-
lic complexes, Cp3 Sm(EPh)(THF), and their unsolvated dimeric
analogues, [Cp;Sm(w-EPh)], respectively. Both sets of the
paramagnetic benzene chalcogenolate complexes were defini-
tively identified by X-ray crystallography and form a homo-
logous series. Only the (TePh)™ complexes show reduction
reactivity and only upon heating to 65°C [51]. The dimeric
lanthanide complexes [Cp3Ln(dddt)K(THF),], (Ln=Ce, Nd;
dddt =5,6-dihydro-1,4-dithiin-2,3-dithiolate) have been pre-
pared by reaction of Cp5Ln(u.-Cl);K with K>dddt. In the pres-
ence of 15-crown-5, they are transformed into the cation—anion
pairs [K(15-crown-5)2][Cp5Ln(dddt)] [52].

; CsMesH
Sc(CH,SiMes;)s(THF ___wshiosl . * i
(CH 3)3(THF)2 Teane 250 Cp*Sc(CH,SiMes)o(THF)

-SiMe,

Scheme 32.
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Scheme 33.

Sm—CH(SiMe3); + HPEt

—

Sm—PEt; 4+ CHa(SiMes);

Scheme 34.

Treatment of Cp;Cel with one mole equivalent of 2,2-
bipyridine (=bipy) in THF gave the adduct Cp;Cel(bipy),
which was transformed into Cpj;Ce(bipy) by Na(Hg) reduc-
tion. Similar reaction of CpjCel with one mole equiva-
lent 2,2":6/,2"-terpyridine (=terpy) afforded the ionic adduct
[Cp5Cef(terpy)ll, which could also be reduced to the neu-
tral complex Cp;Ce(terpy) by sodium amalgam [53]. Dif-
ferent coordination modes of the heterocyclic ligand 4'-
cyano-2,2":6' 2" -terpyridine (=terpyCN) to decamethylytter-
bocene(III), CpéYbIH, units have been confirmed by isolation
and X-ray crystallographic characterization of complexes bind-
ing through either the cyano nitrogen of terpyCN or the three
terpyridyl nitrogen atoms of terpyCN. The synthetic routes are
outlined in Scheme 33 [49].

A series of bis(pentamethylcyclopentadienyl)lanthanide
phosphido complexes has been obtained by protonolysis reac-
tions between Cp5LnCH(SiMe3), (Ln=La, Sm) and secondary
phosphines as exemplified in Scheme 34 [54].

The allyl metallocenes Cp5Ln(C3Hs) (Ln=Y, Lu) have been
synthesized from the corresponding chloro precursors by treat-
ment with allylmagnesium chloride. Fig. 30 depicts the molec-
ular structure of the yttrium derivative showing the trihapto-
coordination of the allyl ligand [37].

The loosely ligated [BPh4]~ anion in [Cp;Ln][(-Ph);BPh;]
has been reported to be readily displaced by alkyllithium or
potassium reagents to provide access to unsolvated alkyl lan-
thanide metallocenes, [Cp5LnR],, which display high C—H acti-
vation reactivity. The compounds [Cp;SmMel]s, [CpsLuMels,
[CpiLaMel,, Cp3Sm(CH,Ph), [Cp5Sm(CH>SiMe3)l;, and
[Cp5SmPh], were prepared in this way. The synthetic route
leading to the precursor complexes [CpﬁLn][(p-Ph)zBth] is
outlined in Scheme 35 [55].

Initial studies showed that [Cp5Sm][(w-Ph);BPhy] reacts
readily with alkyllithium reagents LiR in arene solvents, but
the reaction is not useful for the synthesis of [Cp;SmR], prod-
ucts because they immediately metalate the arene solvent. To
avoid metalation of the solvent, reactions must be conducted
in cyclohexane or methylcyclohexane. Although [Cp3Sm][(j-
Ph),BPh,] has lower solubility in cyclohexanes, reaction with
MelLi occurs according to Scheme 36 under formation of the
desired product, [Cp;SmMel]; (orange solid, 83% yield) [55].

Fig. 30. Molecular structure of Cp5;Ln(C3Hs) [37].
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The analogous reaction conducted with [CpjLul[(u-
Ph);BPh; ] and MeLi in methylcyclohexane led to the unsolvated
dimer [CpjLuMe],, which was isolated as colorless crystals in
75% yield (Scheme 37). Its asymmetric, methyl-bridged struc-
ture has been determined by X-ray diffraction. Fig. 31 clearly
shows the presence of both formally seven- and eight-coordinate
lutetium centers [55].

Using the tetraphenylborate alkali metal alkyl reaction
method, the benzyl complex Cp;Sm(CH,Ph) was synthe-
sized in 80% yield from [Cp5Sm][(w-Ph);BPh;] and KCH,Ph

LOo ..

(Scheme 38). A crystal structure analysis revealed the pres-
ence of a monomeric trihapto-benzyl complex in the solid-state
(Fig. 32) [55].

The benzyl complex Cp5Sm(CH,Ph) was also found to be the
primary product in the metalation of toluene by [Cp5SmMel]s
as illustrated in Scheme 39 [55].

Reaction of neopentyllithium, LICH> Bu’, with [Cp5Sm][(j-
Ph);BPh,] in methylcyclohexane did not lead to the iso-
lation of the expected [Cpj Sm(CH,Bu")], but instead gen-
erated the trimethylenemethane dianion complex [p-n3:m3-

@

::36ke

-2 LiBPh,

Ay

SYa

Scheme 37.
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C(CH»)3][Cpj3Sml]; according to Scheme 40. Fig. 33 depicts the
molecular structure of this interesting binuclear complex. The
trimethylenemethane ligand in [pﬂq3 :n3-C(CH2)3][Cp§Sm]2 is
unusual in several ways as compared to previously reported

transition metal trimethylenemethane complexes. It is the first
bridging ligand of this type to be reported in the literature. It is
also unusual in that the four carbon atoms are planar within
0.01 A, which matches calculations for the free trimethylen-
emethane dianion [56].

A plausible route by which [p-n*:m3-C(CH,)31[Cp5Sm]>
could be formed from “[CpﬁSm(CHzBu’)]x”, the likely ini-
tial product of the LiCH,Bu'/[Cp}Sm][(j.-Ph),BPhy] reac-
tion, involves 3-methyl elimination to make [Cp3SmMe]s and
isobutene, CH,=CMe,, as shown in Scheme 41. Subsequent
C-H activation of the isobutene by [Cp;SmMe]; could gener-
ate a 2-methylallyl complex, Cp5Sm[CH,C(Me)CH,], which
could be metalated again by [Cp5;SmMe]; to form [u-”q3:n3-
C(CH3)3][Cp5Sm]; [56].

Addition of one molar equivalent of the heterocyclic carbene
C3MeyN; (=tetramethylimidazolylidene) to Cp;Cel in toluene

3

[Cp*2SmMe]l; — — »
-3 CHy

Scheme 39.
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Fig. 33. Molecular structure of [p.-n?:m*-C(CH;)3][Cp}Sml; [56].

led to immediate formation of the first carbene complex of
cerium, Cp;Cel(C3Me4N,), which was isolated as orange crys-
tals in 70% yield [57].

The ionic scandium metallocene complex [Cp;Sc][BPhy]
was obtained as a yellow solid in 67% yield by allowing
Cp ScMe to react with [PhNMe,H][BPhy] in toluene. In the
unsolvated salt the anion interacts weakly with the scandium
center through one of the phenyl groups (Fig. 34) [58].

The strongly Lewis acidic species [Cp5Scl[BPhs] was
found to react with fluorobenzene and 1,2-difluorobenzene

to yield [Cp;Sc(kF-FCgHs),1[BPhy] and [Cp’z‘Sc(KzF—l,Z—
F>CeHy4)][BPhy], the first examples of kF-fluorobenzene and
k?F-1,2-difluorobenzene adducts of transition metals. Fig. 35
depicts the molecular structures of these fluoroarene scandium
complexes [58].

Treatment of Cp;ScMe with [PhANMe,H][B(CgFs)4] instead
of [PhANMe,H][BPh4] resulted in formation of [Cp} Sc(k2F-
Ce¢F5)B(CgFs5)3], which was isolated in 62% yield. In the
solid-state structure of [Cp§SC(KZF—C6F5)B(C6F5)3] (Fig. 36)
the anions are coordinated to the scandium center in a k’F-
fashion with two adjacent C-F bonds, comparable to the
1,2-difluorobenzene adducts. The nature of the scandium-—
fluoroarene interaction was studied by density functional theory
(DFT) calculations and by comparison with the corresponding
THF adducts and was found to be predominantly electrostatic
[58].

The scandium dihydrosilyl complexes Cp ScSiH>R
(R =Mes, Trip, SiPh3, Si(SiMe3)3; Trip = 2,4,6-Pr3'CgH,) have
been synthesized by addition of the appropriate hydrosilane to
Cp3ScMe. Studies of these complexes in the context of hydro-
carbon activation led to discovery of catalytic processes for the
dehydrogenative silylation of hydrocarbons (including methane,
isobutene and cyclopropane) with Ph, SiH» via o-bond metathe-
sis. In the course of this investigation, the molecular structures
of Cp3ScSiH,SiPh;3 (Fig. 37) and Cp3ScSiH(SiMe3), (Fig. 38)
have been determined by single-crystal X-ray diffraction [59].

Fig. 34. Molecular structure of [Cp;Sc][BPh4] [58].
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[Cp3LaH], reacts with BEt3 to afford a product of compo-
sition CpjLa(HBEt3) according to Scheme 42. X-ray crystal-
lography revealed a structure in which the (HBEt3)™ ligand
approaches the trivalent [Cp;La]* unit not only with the hydride
attached to boron, but also with two of the ethyl groups. Since the
hydrogen positions could be located and refined, closer inspec-
tion showed that one hydrogen substituent from each bridging
ethyl group is oriented toward lanthanum (Fig. 39) [60].

Crystallization of Cp5La(HBEt3) from toluene-dg in the pres-
ence of 1equiv. of THF led to a THF adduct of the formula
Cp3La(HBEt;)(THF) (Scheme 43) [60].

In this complex the (HBEt3)™ ligand also ligates the lan-
thanum center with the hydride attached to boron, but in this
case only one ethyl group is oriented toward the lanthanide.
Once again the bridging hydrogen positions could be located
and refined (Fig. 40) [60].

In the course of working with [Cp;LaH], the hydride-bridged
“tuckover” complex Cp§La(p,-H)(p-n1:n5-CH2C5Me4)Lan*

was also isolated (Scheme 44) and the structure of this internal
C-H activation product determined (Fig. 41) [60].

2.5.6.4. Tris(pentamethylcyclopentadienyl)lanthanide(I1I)

compounds. The displacements of the methyl substituents
away from the metal and out of the cyclopentadienyl ring plane
have been compared in sterically crowded Cp3M (M =Ln, Ac)
complexes versus sterically normal f-element complexes in an
attempt to evaluate the utility of this parameter in predicting
unusual Cp” ring reactivity. The out-of-plane displacements
of 16 sterically crowded tris(cyclopentadienyl) complexes
of the general formulas CpiM, (CsMesR)3sM (R=Et, Pr,
Bu/, SiMe3), CpiMX (X=anionic ligand), and Cpi;ML
(L=neutral ligand) were compared with (u-CsHe)[Cp5Ulo,
Cp’z‘Sm(PC4H2Bu2’), and 33 representative examples of
f-element bis(cyclopentadienyl) complexes with normal
cyclopentadienyl behavior and coordination numbers ranging
from 6 to 10. In general, the methyl displacement values
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Fig. 35. Molecular structures of the cations in [Cp3Sc(kF-FC¢Hs)2][BPhy] and
[Cp3Sc(k?F-1,2-F2CH4)1[BPh4] [58].

of sterically crowded complexes overlap with those in the
other complexes, which demonstrates that the basis of the
structural distortions is complex. However, if the most extreme
out-of-plane displacement in each of the sterically crowded

Fig. 37. Molecular structure of Cp5ScSiH,SiPhs [59].

complexes is examined versus the analogous maximum
out-of-plane displacement in less crowded systems, there
appears to be a basis for predicting cyclopentadienyl reactivity.
Representations of (a) Cp5Sm and (b) Cp;Sm[N(SiMe3);] that
highlight the out-of-plane methyl substituent displacements are
shown in Fig. 42 [61].

The series of sterically crowded Cp;Ln complexes has been
completed for the larger lanthanides La—Nd and Sm by the
synthesis of Cp3Ce and Cp3Pr from [Cp3Ln][(-Ph)>BPh;]
and KCp®. Synthesis of these new Cp3Ln complexes required
silylated glassware, which surprisingly was not necessary for the
more sterically crowded analogues. Cp3Ce and Cp}Pr display
longer Ln—-C(Cp”) distances than any previously described Ce or
Pr complexes containing the Cp” ligand. The n'-Cp” alkyl-like
reactivity of the CpiLn complexes was investigated with CO,
ethylene, THF, and Hj. The sterically induced reduction (SIR)
reactivity of the CpfLn complexes was examined with Se=PPhj,
AgBPhy, CgHg, and phenazine. The reactivity of Cp5Ln with
CO; and with [EtsNH][BPhy4] was examined since each sub-

Fig. 36. Molecular structure of [Cp;SC(KZF—C6F5)B(C6F5)3] [58].
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Fig. 38. Molecular structure of Cp3;ScSiH(SiMe3), [59].

[(C5M€5)2L5H]x + BEty —

Scheme 42.

strate could react by either the n'-Cp” alkyl or SIR pathways.
In both cases, alkyl-like reactivity was observed: CO; forms the
insertion product CPZLH(OQCCP*), containing a carboxylate
with a pentamethylcyclopentadienyl substituent (Scheme 45),
and [EtzNH][BPh4] forms [Cp3Ln][(n-Ph)>2BPh>] and Cp*H.
Fig. 43 depicts the molecular structure of the samarium
carboxylate derivative Cp}‘Sm(02CCp*) [62].

2.5.7. Compounds with ring-bridged cyclopentadienyl
ligands

A series of ansa-lanthanocene complexes containing the
dimethyl-bis(3-(1-methyl-1-phenylethyl)-2, 4 - cyclopentadien-
1-yl]silane ligand have been prepared [63]. The dimethylsilyl-
bridged bis(cyclopentadienyl) ligands [Me;Si(CsHpBuy!-
2,4),1%>~ and [Me,Si{CsH,(SiMe3)>}>]*>~ have been prepa-
red and used for the preparation of divalent ytterbium
ansa-metallocene complexes. The molecular structures of
ansa-[Me;Si(CsHyBu,?’-2,4),]Yb(OEL,) and an analogous iso-
cyanide complex have been determined [64]. The ansa-complex

Fig. 40. Molecular structure of Cp;La(HBEt;)(THF) [60].

[Me;Si(CsMey)2]ScMe was isolated in 45% yield from the reac-
tion of [Me,Si(Cs5Me4)2]ScCH,CCH(CH;,CH3), with methane
according to Scheme 46. The rate of the C—H bond activation
of methane by [Me;Si(CsMe4)2]ScMe was found to be 2
orders of magnitude greater than that by Cp;ScMe. Compound
[Me;Si(CsMey)2]1ScMe is a catalyst for the addition of methane
across the double bond of secondary terminal olefins [65].

Scheme 43.
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2/x [(CsMes)LaHlx

Fig. 41. Molecular structure of Cp3La( M-H)(M-T]l :nS—CH2C5Me4)Lan* [60].

An yttrium allyl complex containing a dimethylsilyl-bridged
ansa-cyclopentadienyl ligand has been prepared according to
Scheme 47. The molecular structure of the THF-free product
has been determined by X-ray diffraction (Fig. 44) [37].

i : SO
Sm*éi +C0p—> Smi::\ »Aéi
;‘ =)

Scheme 45.

2.5.8. Indenyl and fluorenyl compounds

A review article entitled “Groups 2 and 3 metal complexes
incorporating fluorenyl ligands” has been published by Carpen-
tier et al [66]. It covers fluorenyl complexes of di- and trivalent
lanthanides and related group 3 metals as well as their applica-
tions in catalysis.

2.5.8.1. Lanthanide(ll)  compounds. Several  organolan-
thanide(I) complexes containing furfuryl- and tetrahydrofur-
furyl-functionalized indenyl ligands have been prepared
and structurally characterized. The molecular structure of
the tetrahydrofurfuryl-substituted derivative [n°:m'-(C4H7-
OCH,C9H;5SiMe3)[oYb (Fig. 45) clearly shows the partici-
pation of the tetrahydrofurfuryl oxygen donor atoms in the
coordination to ytterbium(II) [67].

2.5.8.2. Lanthanide(Ill) compounds. The molecular structure
of two monomeric lanthanide mono(fluorenyl) complexes, (1°-
fluorenyl)Lnl>(py)s (Ln=La, Nd) have been determined by
X-ray diffraction. Both contain two trans-disposed iodides and
three meridionally oriented pyridine molecules in addition to the

Fig. 42. Molecular structures of (a) Cp§Sm and (b) CpﬁSm[N(SiMe3)2] [61].

Me,Si Sc + CH4

—_— MEQSi

Sc-CHy + {

Scheme 46.
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Fig. 44. Molecular structure of [Me;Si(CsMes)2]1Y(C3Hs) [37].

YClg(THF)3_5 + [MEZSi(05ME4)2]Li2

THF

—

pentahapto-coordinated fluorenyl ligand [68]. The homoleptic
lanthanide tris(aryls) (0-Me;NCgH4CH3)3Ln (Ln=, La) have
been shown to deprotonate fluorenes and alkylamines. They
could thus serve as interesting precursors in the synthesis of
constrained-geometry catalysts based on lanthanides. Reaction
of the yttrium derivative with the ligand 9---BuN(H)SiMe;-
fluorene in THF to give the heteroleptic benzylyttrium com-
plex (9--BuN(H)SiMe;-fluorene)(o-Me,NCeH4CH>)Y (THF)
in the form of orange crystals in 85% yield (Scheme 48). The
crystal structure revealed an allylic coordination mode for the
fluorenyl ligand [5].

The heteroleptic benzylyttrium complex (9--BuN(H)SiMe;-
fluorene)(o-Me,NCgH4CH3)Y(THF) can easily be converted
into an yttrium hydride complex. Hydrogenation with molecular
hydrogen (10 bar) gave crystals of the dimeric yttrium hydride
species in 84% isolated yield (Scheme 49) [5].

2.6. Organolanthanide complexes with
cyclopentadienyl-like ligands

2.6.1. Compounds with heteroatom five-membered
ring ligands

Thulium(I) phospholyl sandwich complexes containing
the 2,5-di-t-butyl-3,4-dimethylphospholide (=dtp) or 2,5-
bis(trimethylsilyl)-3,4-dimethylphospholide (=dsp) ligand have
been synthesized from thulium diiodide according to Scheme 50
and structurally characterized. X-ray studies revealed that they
are both monomeric in the solid-state [26].

The C-H activation (y-deprotonation of a methyl group)
of a samarium(IIl) bis(trimethylsilyl)amide complex has been
reported for a samarium complex stabilized by a macrocyclic
dimetallated frans-dioxaporphyrinogen ligand [69]. m’—m-
Interactions between europium centers and pyrrolate and pyrrole
ligands have been detected in the crystal structure of a polymeric
europium pyrrolate, [70] while m>-agostic C—H interactions to
Er and Yb have been found in the first lanthanide complexes

THF
%C!\ 3
i Y

Li
S o =N
-LiCl - o g
/\/MQU -MgCly
THF | -LiCl

60 °C, vacuum, 24 h %THF
¢ Y/

Scheme 47.
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Fig. 45. Molecular structure of [m’:n!<(C4H70CH,CoHsSiMe3)]» Yb [67].

tBuNH tBuN/
Me;Si MEQSI
“ (o- MezN CgH4CH2)3Y
Scheme 48.

+H, (10 bar)
THF

.\Y
L
Me,Si - 0-MeoN-CgH4CH3

Scheme 49.
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of an N-confused porphyrin ligand [71]. Alkylsamarium(III)
complexes of a dimetalated porphyrinogen have been synthe-
sized that have strong resemblance to samarocene(IIl) alkyl
complexes (Scheme 51). The monomeric complexes are free
of alkali metals, halides, and coordinating solvent. The methyl
and (trimethylsilyl)methyl complexes have been fully charac-
terized, including X-ray structural analyses. Fig. 46 highlights
the molecular structure of the methyl derivative. Initial reactiv-
ity studies indicated a low reactivity of these lanthanide alkyls
[72].

Fig. 46. Molecular structure of (porphyrinogen)SmMe [72].

Fig. 47. Molecular structure of [{nl:n7—[(MezNCH2CH2)C2B10H11]Er—
(THF)}H{Na(THF)3}1, [73].

2.6.2. Compounds with carboranyl ligands

The synthesis, structural characterization, and reactivity of
13-vertex lanthanacarboranes bearing m’-arachno-carboranyl
ligands have been reported. Treatment of 1-Me,NCH,CH>-
1,2-C,B1oH11 with LnCls in the presence of excess Na metal
gave, after recrystallization from a combination of solvents,
the 13-vertex-lanthanacarboranes shown in Scheme 52. Var-
ious complexes in this system have been structurally char-
acterized by X-ray diffraction. As a typical example, the
molecular structure of [{nl:n7—[(MezNCH2CH2)C2B10H1 11-
Er(THF) } {Na(THF)3 }], is depicted in Fig. 47 [73].

Reactions of Naj [nido-(MeoNCH,CH,)RC,B1oH 9] (R=H,
MeOCH,;CH,, Me;NCH,CH>) with Sml>(THF), also gave
unprecedented metallacarboranes with m’-arachno-carboranyl
ligands, in which the heteroatom-containing pendant sidearms
are involved in the coordination to samarium [74]. In a sim-
ilar manner the Lewis base-appended carborane derivatives
1-M62NCH2CH2-1,2-C2B10H11 and 7-M62NHCH2CH2-7,8—
C,2BoH|; have been employed as starting materials in the syn-
thesis of various organolanthanide complexes incorporating the
corresponding anions [75].

2.7. Lanthanide arene complexes

The low lying electronic states of the scandium-benzene
complex Sc(CgHpg) have been investigated by performing com-
plete active-space self-consistent field and multireference con-
figuration interaction calculations. Geometries, energetics, and
electronic structure have been presented and discussed [76]. In
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a related study, the electronic and magnetic properties of the
proposed one-dimensional scandium—benzene sandwich poly-
mer [Sc(Cg¢Hg)loo has been investigated by means of density
functional calculations. It was demonstrated that stretching the
[M(C¢Hg)]oo (M =transition metal) polymers could have dra-
matic effects on their electronic and magnetic properties [77].
The formation of lanthanide-benzene complexes Ln(CgHg),*
(Ln=Y, La; n=1-3) and LnC,,(C¢Hg),,* (Ln=Y, La; n=4, 6;
m=1, 2) in gas-phase ion-molecule reactions of lanthanide car-
bide cations MC,,* (Ln=Y, La; n=2, 4, 6) with benzene and
cyclohexane has been investigated by FTICR mass spectrome-
try and DFT calculations [78].

The p-benzosemiquinone radical anion (Q®*™) forms a 2:2
m-dimer radical anion complex (Q*~-(Sc**),-Q) with Q and
Sc3* jons at 25°C (yellow color), which is converted to a 2:3

w-dimer radical anion complex (Q*~-(S¢*)3-Q) with a strong
absorption band at Ap,x =604 nm (blue color) when the tem-
perature is lowered to —70 °C. The change in the number of
binding Sc** ions depending on temperature also results in
the remarkable color change, associated with a change in the
ESR spectra. The central Sc>* ion in (Q®~-(Sc**)3-Q) was
proposed to be sandwiched between the two n°-coordinated ben-
zene rings [79]. w-Arene interactions have been detected in the
solid-state structures of a series of ionic lanthanide complexes
derived from chiral, substituted (R)-binaphthylamine ligands,
[Li(THF)4][Ln{(R)-C20H12(NR)2}2] (Ln=Nd, Sm, Yb, Lu;
R =Pr/, CH,Pr, CH,Ph), [80], in low-temperature condensates
formed from lanthanide atoms and 4-pentyl-4'-cyanobiphenyl,
[81] in samarium and ytterbium complexes formed with carbazol
and N-phenylpiperazine, [82] and in dysprosium aryloxides [83].
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Fig. 48. Molecular structure of Yb[N(SiMe3),]BPhy [84].

The ytterbium(II) complexes Yb(Buypz)(THF)BPhy (Bu,!-
pz = 3,5-di-tert-butylpyrazole) and Yb[N(SiMe3)>]BPhs have
been synthesized by reaction of Yb[N(SiMe3),](THF)BPhy
with Bup’pz or by in situ desolvation of the THF complex
Yb[N(SiMe3),](THF)BPhy. X-ray analyses of these complexes
revealed m%:m°-binding of chelating BPhy ™ to ytterbium in both
cases, generating true metallocene structures. The silylamide

+ Eu
THF

-CoFsH
-Hg

+ Hg(CqFs),

[

Yb[N(SiMe3), |BPhy is distingushed by a very short Yb—N bond
and an agostic Yb—Me interaction, both indicative of a highly
Lewis acidic metal center (Fig. 48) [84].

The stabilization of unsolvated europium and ytterbium
pentafluorophenyls by m-bonding encapsulation through a ster-
ically crowded triazenido ligand has been reported. The one-
pot transmetalation/deprotonation reaction of the bulky triazene

Scheme 53.
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Fig. 49. Molecular structure of [Dmp(Tph)N3]EuCgF5 [85].

Dmp(Tph)N3sH (Dmp =2,6-(2,4,6-Me3CgH2)2CeH3, Tph=2-
(2,4,6-Pr3'C¢H,)CgHy) with bis(pentafluorophenyl)mercury
and europium or ytterbium afforded the structurally char-
acterized unsolvated metal(Il) pentafluorophenyl triazenides
[Dmp(Tph)N3]LnCgF5 or, depending on the molar ratio, the
solvated complex [Dmp(Tph)N3]YbCeF5(THF) (Scheme 53).
Fig. 49 shows the molecular structure of the unsolvated
europium derivative with the additional metal-m-arene inter-
actions [85].

2.8. Lanthanide cyclooctatetraenyl compounds

The ionization energies and electron distributions of the
one-end open europium cyclooctatetraenyl clusters Eu,(COT),
(COT =n®-cyclooctatetraenyl, n = 1-4) have been studied using
DFT calculations [86,87]. The magnetic properties of gas-
phase terbium-cyclooctatetraenyl multi-decker sandwich com-
plexes of the type Tb,(COT),.1 have been measured using a
Stern—Gerlach type magnetic deflection approach. Beams of
Tb,(COT),+1 complexes displayed one-sided deflection toward
high-field, indicating that fast spin relaxation occurs within the
complexes as they pass through the magnetic field [88]. In a
related study, a molecular beam of europium-cyclooctatetraenyl

Fig. 50. Molecular structure of (COT)Lu[CH(PPh,NSiMe3),] [91].

sandwich nanowires Eu,,(COT),, was produced by a laser vapor-
ization synthesis method. The formation of the nanowires was
quantitatively revealed by photoelectron and photoionization
spectroscopies of the Eu-COT species, together with supporting
theoretical calculations [89]. A neutral triple-decker complex
of ytterbium with tetraisopropylcyclopentadienyl ligands and a
cyclooctatetraene dianion as the middle deck has been synthe-
sized according to Scheme 54 from ytterbium metal, cyclooc-
tatetraene, and the free pentaisopropylcyclopentadienyl radical
[90].

2.8.1. Mono(cyclooctatetraenyl) lanthanide(IIl)
compounds

A series of cyclooctatetraene bis(phosphinimino)methanide
complexes of yttrium and lanthanide, (COT)Ln[CH(PPh;-
NSiMes); ] (COT=n8—cyclooctatetraenyl; Ln=Y, Sm, Er, Yb,
Lu), have been synthesized via three different routes which are
outlined in Scheme 55. All complexes have been structurally
characterized by X-ray diffraction. The solid-state structures of
these complexes show that both ligands completely shield the
metal center. As a result of the steric crowding, both ligands are
slightly asymmetrically attached to the metal center (Fig. 50,
Ln=Lu) [91].

Yb

()

THF
70-80 °C, 4d, HgCl, (cat.)

Yb

Scheme 54.
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Fig. 51. Molecular structure of [CgHg(SiMe3)z-1,4]Y[CH(PPh;NSiMes);]
[92].

In a closely related study, a one-pot reaction of Liy[CgHg-
(SiMe3),-1,4], LnCl3, and K[CH(PPh,NSiMe3 ), ] leading to the
1,4-bis(trimethylsilyl)cyclooctatetraenyl  bis(phosphinimino)-
methanide complexes of yttrium and erbium, [CgHg(SiMe3)7-
1,4]Ln[CH(PPh,NSiMe3)>] (Ln=Y, Er) has been reported
(Scheme 56). Both complexes have been structurally character-
ized by single crystal X-ray diffraction. Fig. 51 shows the molec-
ular structure of the yttrium derivative. The solid-state structures
show that the two bulky ligands cause a steric crowding around
the lanthanide atom. As a result of this steric crowding both
ligands are asymmetrically attached to the lanthanide atom
[92].

2.8.2. Cerocenes

Using the original and not a newly suggested synthetic route,
the tetrasilylated cerocene derivative Ce[CgHg(1,4-SiMes)2]>
(Scheme 57) has been resynthesized as an oil of deep purple
color. The absorption, MCD, and luminescence spectra of this
formally tetravalent organocerium compound were measured at
room temperature as well as at low temperature. Especially the
low-temperature spectra were found to be more consistent with
a Celll compound [93].

2.9. Lanthanide metallofullerenes

The structures of the metallofullerenes Y,Cr@Cg, and
Y,@Cg, have been investigated by the maximum entropy
method (MEM) combined with Rietveld refinement using syn-
chrotron X-ray powder diffraction data. The cage structures
obtained as Cgy C3, in this study are consistent with the struc-
ture model suggested by '*C NMR spectra [94]. The ultravi-

SiMes

Me3Si, Ce SiMes

Me;Si

Scheme 57.

olet photoelectron spectra (UPS) of Y,C,@Cg; and Y, @Cg)
have been measured using a synchrotron radiation light source.
A difference spectrum between the UPS of Y,C,@Cgy and
Y, @Cg, indicates the existence of additional electrons on the
cage of Y, @Cg; [95]. In an exciting paper entitled “Structural
Determination of Metallofullerene Sc3Cgp Revisited: A Surpris-
ing Finding” it was reported that the structure of Sc3Cg, is
not Scz @Cg, but Sc3C, @Cgy containing an endohedral Sc3Cs
unit. This finding was made possible by appropriate chemi-
cal modification of the metallofullerene cage. The analysis of
the parent Sc3C, @Cg proved very difficult due to the nearly
free rotation of the round Sc3C; @Cgg units in the crystal lat-
tice. Therefore, chemical functionalization of the Sc3C, @Cg
molecule by adamantylidene carbene (Ad) was carried out to
obtain the cycloadduct Sc3Cy @Cgo(Ad). Irradiation of a 1,2,4-
trichlorobenzene/toluene solution of Sc3C, @Cgg and an excess
molar amount of 2-adamantane-2,3-[3H]-diazirine in a degassed
sealed tube at room temperature using a high-pressure mer-
cury arc lamp (cutoff <350nm) resulted in the formation of
Sc3Cr@Cgo(A at d), which was purified by preparative HPLC.
As shown clearly in the X-ray single-crystal structure (Fig. 52a),
the cycloadduct Sc3C, @Cgp(Ad) resulted from the addition of
Ad onto Sc3C, @Cgg and not Sc3 @Cg,. This was further con-
firmed by the single-crystal X-ray structure analysis of the salt
[BujN][Sc3Cr @Cgo] (Fig. 52b). Fig. 53 depicts the calculated
molecular structures of Sc3C, @Cgq [96].

Various novel fullerenes containing exohedrally coordinated
scandium have been theoretically investigated as adsorbents for
high density, room temperature, ambient pressure storage of
hydrogen. Cgp or C4gB12 disperse scandium atoms by charge
transfer interactions to produce stable organometallic buckyballs
(OBBs). A particular scandium organometallic buckyball has
been found to bind as many as 11 hydrogen atoms per scandium,
10 of which are in the form of hydrogen that can be adsorbed and
desorbed reversibly. In this case, the calculated binding energy
is about 0.3 eV/Hj;, which is ideal for use on board vehicles. The
theoretical maximum retrievable H; storage density is ~9 wt.%
[97].
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Fig. 52. Molecular structures of Sc3C, @Cgp(Ad) (a) and [Bus"N][Sc3Cr @Cg] (b) [96].

2.10. Heterobimetallic organolanthanide complexes

Unprecedented mixed potassium-lanthanide wheel-shaped-
structured complexes containing amido and diphosphinoamido
ligands have been reported in 2005. Reaction of CpErCl,
with the amido compounds KNPh; and [K(THF),N(PPh;);]
(n=1.25 and 1.5) in THF followed by crystallization from
THF/n-pentane (1:2) led to the hexanuclear, wheel-shaped-
structured compound [CpEr(NPh,),{N(PPh;); }2K2(THF)4]5.
As illustrated in Scheme 58, this compound and its ytter-
bium analogue can also be prepared in moderate yield in a
one-pot reaction, in which the potassium salts KNPh; and
[K(THF),N(PPh;),] as well as NaCp are reacted with anhydrous
erbium or ytterbium trichloride in THF, followed by crystal-
lization from THF/pentane. The solid-state structures of the
new complexes were established by single-crystal X-ray diffrac-
tion (Fig. 54, Ln=Er). Oligomerization occurs through bridg-
ing cyclopentadienyl ligands as well as m-interactions between
potassium and phenyl rings [98].

By employing the same reaction conditions as those for the Er
and Yb derivatives but performing the synthesis with samarium
and later optimizing the stoichiometric ratios, a coordination
polymer of composition [CpSm(NPh),{N(PPh3),}K]s has
been obtained in moderate yield as depicted in Scheme 59 [98].

l‘,—ﬁ‘\)
‘\0‘\\\
7’% W01
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The solid-state structure of [CpSm(NPhy )2 {N(PPh;); } K] oo
was also established by single-crystal X-ray diffraction (Fig. 55).
The compound can be regarded as an octanuclear, wheel-shaped-
structured SmyKy4 compound, in which the potassium cations
bridge the [CpSm(NPh;), {N(PPh;); }]~ metalate anions. In this
species too the ring is formed through bridging cyclopentadienyl
ligands and m-interactions between potassium and phenyl rings.
In contrast to the hexanuclear K/Er and K/Yb compounds, which
consist of isolated rings, the rings in the samarium—potassium
complex are connected to each other, thus forming a three-
dimensional polymeric structure [98].

Heterobimetallic alkyl complexes of the types [SmAl,Meg],
and [SmAIl;Etg]; have been obtained via a silylamide elimi-
nation reaction from Sm[N(SiMe3);]>(THF), and excess AlR3
(R=Me, Et). The ethyl derivatives [LnAlyEtg], (Ln=Sm, Yb)
react with THF, pyridine, and 1,10-phenanthroline to form the
first donor adducts of homoleptic peralkylated Ln—Al hetero-
bimetallic complexes. Fig. 56 illustrates the molecular struc-
ture of the monomeric ytterbium complex [YbALEtg](THF),
[99].

The reaction of Lnl3(THF),, (Ln=La, n=4; Ln=Y, n=3.5)
with 3 equiv. of (allyl)MgI in THF/1,4-dioxane has been found
to proceed in moderate yields to give the unexpected mixed-
metal complexes [Ln(n3-C3H5)(M-C4H802)Mg(n1-C3H5)2-

k"tl.‘ — {\\

LAY
/F"tl \‘! R

(b) 1\{ ‘}'-; |

Fig. 53. Calculated molecular structures of Sc3C, @Cgg [96].
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(n-C4HgOs)15]00 (Ln=Y, La) (Scheme 60). By contrast,
samarium triiodide gave a salt containing a new allyl-bridged
anion,  [Mg(THF)s][Sma(m?-C3Hs)s(p-n*m?-C3Hs)l2-tol-
uene, while neodymium triiodide afforded [Mg(THF)¢] [Nd(m?-
C3Hs)4]2-2THF under the same reaction conditions. On
reaction with a mild proton acid such as the diketimine 2-(2,6-
diisopropylphenyl)amino-4 - (2, 6 - diisopropylphenyl)imino-2-
pentene, the allyl-bridged samarium derivative can be converted
into [Mg(THF)é][Sm('r]S-C3H5)4]2~2THF with concomitant
formation of Sm(m3-C3Hs)s[k2-HC(MeCNAr)>] (Ar=2,6-
CgH3PryY) (¢f Scheme 14) [100].

As shown in Fig. 57 for the yttrium derivative (the
La compound is isostructural), the solid-state structures
of [Ln(n*-C3Hs)(u-C4Hg02)Mg(n'-C3Hs )2 (1-C4Hg02)1 5100
(Ln=Y, La) contain distorted trigonal-bipyramidal lanthanide
centers with three w3-allyl ligands and distorted trigonal-
bipyramidal magnesium centers with twom'-bonded allyls. Both
metal centers are connected by bridging 1,4-dioxane molecules
building a planar polymeric network (Fig. 58) [100].

The samarium allyl complexes [Mg(THF)g][Sma(n3-
C3H5)6(p,-n3:n3-C3H5)]2-toluene (red microcrystalline solid)
and [Mg(THF)6][Sm(n3—C3H5)4]2~2THF (red microcrystalline
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Fig. 54. Molecular structure of [CpEr(NPh;)2{N(PPh2); },K2(THF)4]2 [98].

slid) both consist of well-defined discrete ions in the solid- while the anion in [Mg(THF)s][Sm(n>-C3Hs)4]>-2THF has dis-
state. [Mg(THF)g][Sma(m?-C3Hs)s(p-m’m3-C3Hs)la-toluene  torted pseudo-tetrahedral geometry (Fig. 60) [100].

contains an unprecedented type of binuclear anion containing Addition of Al;Meg to the allyl complex [(CsH4)SiMes-
two samarium centers bridged by an n>:m3-allyl ligand (Fig. 59), (CH,CH=CH,)],Y(C3Hs) caused the bright yellow color

Fig. 55. Molecular structure of [CpSm(NPhy)2{N(PPh;); } K] [98].
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to fade to pale yellow. From the resulting solution,
the heterobimetallic Y/Al complex {[(CsH4)SiMe,(CH,CH=
CH2)2Y[(n-Me)2AlMe; ]}, was isolated in quantitative
yield and definitively identified by X-ray crystallography
(Scheme 61). As aresult, the allyl ligand was lost as anticipated
for this reaction, but a [AIMe4]~ anion was formed instead of
an [(allyl)AIMe3]™ unit (Fig. 61). Evidently ligand distribution
occurred in which the allyl group was completely removed from
yttrium [37].

The homoleptic complexes Ln(AlMe4)3 (Ln =Y, La, Nd, Lu)
have been treated with pentamethylcyclopentadiene to yield
the corresponding half-sandwich complexes Cp Ln(AlMey4),
in high yield and purity. NMR spectroscopic investigations
revealed a highly dynamic nature of the bridging and termi-

nal alkyl groups even at —85 °C. In the solid-state, the tetra-
methylaluminato ligands coordinate differently to the lanthanide
center, as shown by an X-ray structure analysis of the lanthanum
derivative (Fig. 62). Due to the steric unsaturation of the large
lanthanum metal center, one of the aluminate ligands adopts
an unusual distorted p:m>-coordination mode, while the second
ligand is bonded in the regular w:m>-fashion [101].

The well-defined coordination environment of trivalent
Cp;Ln* complexes has been used to systematically exam-
ine the reaction chemistry of the lanthanide carboxylate and
R,AICI (R =Me, Et, Bu') components used in the preparation
of lanthanide-based diene polymerization catalysts. Each of the
R, AICI reagents can replace a carboxylate ligand with chloride
in reactions with [Cp}Sm(u.-O2CPh)],, but instead of forming a
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Fig. 56. Molecular structure of [YbAI,Etg]J(THF), [99].

simple chloride complex like [Cp5SmCl]3, bimetallic lanthanide
aluminum dichloro complexes Cp5Sm(u.-Cl);AIR; are gener-
ated by ligand redistribution according to Scheme 62 [102].
These bis(chloride)-bridged complexes are also readily
formed from the divalent precursor Cp;Sm(THF); and Ry AICI.
However, the analogous reaction between Cp5Sm(THF), and
Et3Al afforded CpﬁSm(THF)(p,—nz—Et)AlEu (Scheme 63),
which contains the first Ln(IIT)-(v?-Et) linkage, a coordination

J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 251 (2007) 142-202

mode that differentiates Et from Me. Fig. 63 depicts the molec-
ular structure of this compound [102].

In a closely related study, the samarium carboxylate complex
[Cp5Sm(-O,CPh)], was reported to react with AlEt; to form
a mixture of metallocene-stabilized ethylaluminum compounds
(Scheme 64), including an ethyl aluminum oxide (EAO) com-
plex, [Cp;Sm]2[(n-Et)4Al4EtgOs], the structure of which was
determined by X-ray diffraction (Fig. 64). In addition to con-
taining a new EAO ligand system, [Cp§ Sm]>[(w-Et)4Al4Ete O3]
displays unusual w-n':m?-ethyl bonding to the trivalent samar-
jum center [103]. With Bus'Al, [Cp3Sm(u-O2CPh)], reacts to
form a mixed-bridge samarium aluminum complex Cp}Sm(j.-
OgCPh)(p,-Bui YAI(Bu')s, that displays two different carboxylate
orientations toward the metals in a single crystal [103].

The analogous reaction between [Cp;Sm(p-Cl)]3 and AlEt3
generated the dimeric mixed-bridge complex [Cp3 Sm(p-n'm?-
Et)(n-ChHAIEt;z ]2 (Scheme 65), a reaction that does not involve
ligand redistribution [103].

As shown in Fig. 65, both methylene hydrogens and
one methyl group of each of the p-n'im?-Et bridges in
[Cp;Sm(}L-nl:nz-Et)(p-Cl)AlEtz]z refined into positions ori-
ented toward samarium. Hence, the - :m?-Et ligand functions
as a polyagostic bridge between the lanthanide and aluminum
[103].

The synthesis of a novel class of compounds contain-
ing a Ln—O-Al moiety has been achieved by the reaction
of LAIOH(Me) (L =HC(CMeNAr);, Ar=2,6-Pr,'CgH3) with
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Fig. 57. View of a fragment of the planar polymer network in [Y(T]3—C3H5)(}L—C4H802)Mg(’\']I -C3H5)2(n-C4HgO2)1.5]00 [100].

a series of CpsLn compounds. The terminal AI-OH group
shows selective reactivity, and the complexes Cp,Ln(THF)-O-
AlL(Me) (Ln =Dy, Er, Yb), Cp2 Yb—O-AIL(Me), and Cp3zLn(j.-
OH)AIL(Me) (Ln=Sm, Dy, Er) were obtained and struc-
turally characterized. The Ln—O-Al angles fall in the range of
151.9-169.8°. As a typical example, the molecular structure
of Cp2Er(THF)-O-AIL(Me) is shown in Fig. 66. The reac-
tion of Cp, Yb(THF)-O-AlL(Me) and Cp, Yb-O-AlL(Me) with
MesSnF in refluxing toluene unexpectedly yielded the com-
pounds [Cp, Yb(-OSnMes)], and LAI(Me)F [104].

Fig. 58. Crystal structure of [Y(n3—C3H5)(p,—C4H802)Mg(1]‘ -C3Hs5)2 (-
C4Hg0,)1 5]00- Projection of the planar polymeric chains down the b-axis [100].

2.11. Organolanthanide catalysis

2.11.1. Organolanthanide catalyzed oligomerization
reactions

The acetylene cyclotrimerization reaction mediated by bare
transition metals including yttrium has been studied theoreti-
cally, employing DFT in its B3LYP formulation. The complete
reaction mechanism has been analyzed, identifying intermedi-
ates and transition states. The overall reaction is highly favorable
from a thermodynamic point of view, and ground state tran-
sition states lie always below the energy limit represented by
ground state reactants. After the activation of two acetylene
molecules and formation of a bis-ligated complex, the reaction
proceeds to give a metallacycle intermediate, as the alternative
formation of a cyclobutadiene complex is energetically disfa-
vored. All the examined reaction paths involve formation of
a metallacycloheptatriene intermediate that in turn generates a
metal-benzene adduct from which finally benzene is released
[105]. Several lanthanide-imido complexes (cf. Scheme 20) have
been shown to catalyze the cyclic trimerization of benzonitrile to
form 2,4,6-triphenyl-1,3,5-triazine. A possible mechanism has
been proposed [31].

2.11.2. Organolanthanide catalyzed polymerization

reactions

2.11.2.1. Monoolefins (ethylene, propene, styrene, etc.).
Sc([9]aS3)(CH;SiMes)s, the first rare earth organometal-
lic complex of 1,4,7-trithiacyclononane (=[9]aneS3), has
been reported to be a precursor to ethylene and «-olefin
polymerization catalysts upon activation with B(CgF5)3 or
[Ph3C][B(CgFs5)4]. These were the first cationic rare earth
organometallic catalysts supported by an all-sulfur donor
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Fig. 60. Molecular structure of [Mg(THF)G][Sm(n3—C3H5)4]2-2THF [100].
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Fig. 61. Molecular structure of {[(CsH4)SiMe,(CH,CH=CH,)]>Y[(.-
Me)>AlMes ]}, [37].

ligand [106]. The organolanthanide catalyzed synthesis of
phosphine-terminated polyethylenes has been studied in
detail. Primary and secondary phosphines were investigated as
chain-transfer agents for this organolanthanide-mediated olefin

Fig. 62. Molecular structure of Cp* La(AlMey), [101].

Scheme 63.

polymerization. Ethylene polymerizations were carried out
with [Cp5Ln(u-H)], and Cp;LnCH(SiMe3), (Ln=Y, La, Sm,
Lu) precatalysts in the presence of dicyclohexyl-, diisobutyl-,
diethyl-, diphenyl-, cyclohexyl- and phenylphosphine. In the
presence of secondary phosphines, high polymerization activ-
ities (up to 107 g of polymer/(mol of Ln-atm ethylene-h)) and
narrow product polymer polydispersities have been observed
[54]. A dicationic scandium catalyst derived from the trialkyl
complex (‘Pr-trisox)Sc(CH,SiMes)3 (cf. Scheme 9) has been
found to be highly active in the isoselective polymerization
of 1-hexene [15]. The scandium-catalyzed copolymerization
of ethylene with dicyclopentadiene and terpolymerization of

Fig. 63. Molecular structure of Cp;Sm(THF)(M—nZ—Et)AlEQ [102].
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Fig. 64. Molecular structure of [Cp;Sm]>[(w-Et)4Al4EtgO,] [103].

ethylene, dicyclopentadiene, and styrene has been investigated.
These polymerizations have been achieved with excellent
selectivity and activity for the first time by using a cationic half-
sandwich scandium catalyst and afforded a new series of novel
polymers that are difficult to be prepared with other catalyst sys-
tems. The catalyst system employed in this study was generated
in situ by treament of (CsMesSiMe3)Sc(CH,SiMe3),(THF)

Sm
\

6{
Sm i

2

!

* + 8 EtsAl ———>

with 1equiv. of [Ph3C][B(C¢F5)4] in toluene. As a typical
example, the alternating copolymerization of ethylene with
dicyclopentadiene using this catalyst system is illustrated in
Scheme 66 [107].

In a closely related study the cationic half-sandwich
scandium catalysts derived from Cp’Sc(CH,SiMe3),(THF)
(Cp’ =C5Me4SiMes, CsH3(SiMes)z-1,3, Cp*) with 1 equiv. of

Et
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=
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s
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Scheme 65.
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Fig. 66. Molecular structure of Cp, Er(THF)-O-AIL(Me) [104].

[Ph3C][B(C¢F5)4] have been found to effectively catalyze the
alternating ethylene—norbornene copolymerization as illustrated
in Scheme 67 [29].

A detailed theoretical investigation of alternative mecha-
nisms for chain initiation of the organolanthanide-promoted
ring-opening polymerization (ROP) of 2-phenyl-1-methylene-
cyclopropane with an archetypical Cp,SmH model catalyst has
been published [108].

2.11.2.2. Dienes (butadiene, isoprene, etc.). Cationic methyl
complexes of yttrium such as [YMe,(THF)s5][BPhs] have
been reported to catalyze the homogeneous polymeriza-
tion of 1,3-butadiene and isoprene [6]. Highly stereospe-
cific polymerization of isoprene has been achieved using
neodymium borohydride complexes. In combination with stoi-
chiometric amounts of dialkylmagnesium, Nd(BH4)3(THF)3
and (CsMe4Pr")Nd(BH4)(THF), afford very efficient cat-
alysts. The activity reaches 37,300 (g of polyisoprene/mol
of Nd)/h. The half-metallocene gives rise to polyisoprene,

o+ ﬂ@ toluene, 25°C

Scheme 67.
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98.5% trans-regular, the highest content yet described for a
homogeneous organometallic catalyst. NMR experiments argue
for the formation of bimetallic Nd(pu-BH4)Mg active species
[109]. The alternating copolymerization of ethylene and buta-
diene has been achieved with the ansa-neodymocene catalyst
[Me;Si(CsHy)(C13Hg)INdCI (C13Hg =fluorenyl). This was the
first time that this copolymerization has been achieved with a
metallocene-based single-site catalyst. The diene was found to
be mainly inserted in trans-1,4-configuration [110]. Unprece-
dented isospecific 3,4-polymerization of isoprene (Scheme 68)
has been achieved by cationic rare earth metal alkyl species
resulting from a binuclear precursor. The catalysts were made
by in situ treatment of the precursors shown in Scheme 68 with
[Ph3C][B(CgFs)4] [111].

2.11.2.3. Cyclic esters and amides (e-caprolactone, §-
valerolactone,etc.). Several tris(allyl) and bis(allyl)(diket-
iminato) lanthanide complexes have been demonstrated to be
highly effective single-component catalysts for the ring-opening
polymerization of e-caprolactone and rac-lactide. Polymer
end group analysis showed that the polymerization process
is initiated by allyl transfer to the monomer [24]. Reactiv-
ity studies of amine-bis(phenolate) complexes of the type
[Me,NCH, CH,N{CH,(2-OC¢H,Bu;’-3,5) }2 ]LnMe(THF)

(Ln=Er, Yb) showed them to be efficient initiators for the
ring-opening polymerizaion of e-caprolactone [12]. A com-
parison of organolanthanide complexes, Cp}SmMe(THF)
and (M-PhC=C=C=CPh)[Cp§Sm]2, with the tin compounds
Bu;5Sn(OMe); and BujSn(OCH>CH;CH;O) in the prepara-
tion of random, diblock, and triblock copolymers composed
of L-lactide, D,L-lactide, and cyclic carbonates, trimethy-
lene carbonate or 2,2-dimethyltrimethylene carbonate, has
been reported and the biodegradabilities of the polymers
examined [112]. Lanthanide complexes containing silyl group-
functionalized indenyl ligands have been reported to exhibit
high catalytic activities on e-caprolactone polymerization. The
effects of temperature, substituent groups on the indenyl ligands
of the complexes, and solvents on the catalytic activities have
been examined [67]. The organosamarium thiolate complex

[(MeCsH4)2Sm(w-SPh)(THF)], has been reported to be an
efficient initiator for the homo- and copolymerization of
g-caprolactone and 2,2-dimethyltrimethylenecarbonate [43].

2.11.2.4. Acrylic monomers (methylmethacrylate (MMA),
acrylonitrile, etc.). A catalyst system comprising ansa-
bis(fluorenyl)lanthanide metallocenes and nanosized sodium
hydride as co-catalyst has been shown to be very active in
the production of methylmethacrylate homopolymers. The
observed activity was comparable to that of organolanthanide
hydrides as single-component catalysts [113]. A series of
ansa-lanthanocene complexes containing the dimethyl-
bis[3-(1-methyl-1-phenylethyl)-2,4-cyclopentadien-1-yl]silane
ligand has been tested as methylmethacrylate homopolymer-
ization catalysts [63].

2.11.2.5. Other monomers. The mono(cyclopentadienyl)-
lanthanide bis(alkyl) complexes (CsMesSiMe3)Ln(CH;-
SiMe3)>(THF) (Ln=Sc, Y, Dy, Lu) and the polyhydride com-
plexes [(CsMesSiMes)Ln(pw-H)7]4(THF), (Ln=Y, Lu, x=1;
Ln =Dy, x=2) have been found to be active as single-component
catalysts not only for the ring-opening homopolymerization
of cyclohexene oxide (CHO), but also for the alternating
copolymerization of CHO and CO; yielding the corresponding
polycarbonates (Scheme 69) [30].

2.11.3. Organolanthanide catalyzed hydrosilylation
reactions

Organolanthanide  catalyzed cyclization-silylation  of
nitrogen-containing polyunsaturated systems allows access to
core structures commonly found in naturally occurring alka-
loids. In this context, nitrogen-containing dienes with various

(0] 0]
cat. /P \C%
+ COy 11
70 °C, 24 h, toluene (@]

Scheme 69.
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Scheme 70.

substitution patterns have been investigated. A prototypical
reaction is illustrated in Scheme 70. The method was found
to be most successful for substrates with terminal alkenes.
Cyclization upon pendant 1,1-disubstituted olefins was not
realized under various conditions. Interestingly, sterically
hindered sulfonamides, which were previously believed to
render the catalyst inactive, were actually compatible with the
catalyst, thus affording the cyclized products after prolonged
reaction times. Variations using fused ring systems have also
been investigated [114].

2.11.4. Organolanthanide catalyzed hydroamination
reactions

Hultzsch et al. have published a short review entitled “Non-
metallocene rare earth metal catalysts for the diastereoselective

Catalyst
Activation (0

Protonolysis (jii)

>
x& R

R

hydroamination of aminoalkenes”. The synthesis and catalytic
activity of non-metallocene lanthanide complexes based on
diamidoamine, biphenolate and binaphtholate ligands have been
summarized in this article [13].

The complete catalytic reaction course for the
organolanthanide-mediated intramolecular hydroamination/
cyclization of (4E,6)-heptadiene-1-amine by a prototypical
achiral Cp3La[CH(SiMej3)>] precatalyst has been thoroughly
investigated employing a gradient-corrected DFT method
[115]. In a similar manner, the hydrophosphination/cyclization
of a prototypical phosphinoalkene, H;P(CH;);CH=CHo,,
catalyzed by Cp;LaCH(SiMes3),, has been analyzed using
density functional theory methods, and the results have been
compared/contrasted to analogous hydroamination/cyclization
processes. The reaction was found to proceed in two discrete
steps: (1) cyclization via C=C insertion into the CpyLa-
P(phosphido) linkage to form La—C and C-P bonds and (2)
subsequent La—C protonolysis (Scheme 71). The insertion
of the alkene fragment into the CpyLa-P(phosphido) bond is
approximately thermoneutral and proceeds via a highly orga-
nized, seven-membered, chairlike cyclic transition state. The
resulting cyclopentylmethyl complex then undergoes turnover-
limiting but exothermic protonolysis to yield a phosphine-
phosphido complex, the likely resting state of the catalyst [116].

n-CH(TMS),

Insertion
5+| gs- y *
Ln*" n
g
5 O+
T

Scheme 71. Proposed catalytic cycle for the organolanthanide catalyzed cyclohydrophosphination of phosphinoalkenes [116].
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In a closely related theoretical study the complete catalytic
reaction course for the organolanthanide mediated intermolec-
ular hydroamination of 1,3-butadiene and n-propylamine by an
archetypical [Me;Si(CsMe4)2]NdCH(SiMes), precatalyst has
been investigated by employing a reliable gradient-corrected
DFT method [117].

2.11.5. Other organolanthanide catalyzed reactions

The compound [Me;Si(CsMeq)>]ScMe has been reported to
be a catalyst for the addition of methane across the double bond
of secondary terminal olefins [65].

Two anhydrous, dimeric samarium(IIl) complexes bearing
a bulky w-alkoxide (diphenylmethoxide) ligand and different
tetradentate Schiff bases have been shown to catalyze the epox-
idation of 1,3-diphenylpropenone (chalcone) [118]. Treatment
of the mesoporous silicate SBA-15 with Sm[N(SiMes);]3 led to
formation of a novel organolanthanide/inorganic hybrid mate-
rial [SBA-15]Sm[N(SiMe3),], via abstraction of N(SiMe3s),
by terminal silanol groups and subsequent surface silylation.
The hybrid material was shown to be a promising catalyst
for the Tishchenko reaction, which is one of the most attrac-
tive transformations of aldehydes [119]. A series of ansa-
bis(fluorenyl)lanthanide metallocenes has been shown to be
very active Lewis acidic catalysts for the cyanosilylation of
prochiral aldehydes and ketones with Me3SiCN giving cyano-
trimethylsilyl ethers with >99% conversion of the starting mate-
rials [120,121]. The catalytic addition of terminal alkynes to
carbodiimides has been achieved with the half-sandwich com-
plexes [Me;Si(CsMes)(NR”)]Ln(CH,SiMes)(THF) (Ln=Y,
Yb, Lu) as illustrated in Scheme 72. The reaction leads to
an almost quantitative formation of propiolamidine derivatives
[32].

2.12. Organolanthanides in organic synthesis

Applications of samarium reagents in organic synthesis have
been reviewed by Liu and Zhang under the title: “New progress
in the application of samarium reagent to organic synthesis”.
The following aspects have been considered in this account: (1)
studies on organic reactions promoted by samarium diiodide; (2)
the direct use of metallic samarium in organic synthesis; (3) the
application of other samarium reagents such as samarium triio-

dide and organosamarium species (e.g. allylsamarium bromide)
in organic reactions [122].

2.13. Organolanthanides in materials science

A number of dysprosium alkoxides, some of them involv-
ing T-arene coordination, have been used as Dy dopants
in lead zirconium titanate (PZT) thin films in order to
add improved fatigue-resistance characteristics [83]. Gadolin-
ium oxide thin films have been deposited on Si(100)
by atomic layer deposition (ALD) using as precursor
(MeCsH4)3Gd together with water. At 250°C the uniform
films obtained from this organogadolinium precursor showed
almost an ideal stoichiometry with low impurity contents
(e.g. 0.5at.% of C). X-ray diffraction data indicated that
the Gd,Os3 films were crystalline with cubic C-type struc-
ture when deposited even at 150°C [123]. Organometallic
tris(methylcyclopentadienyl)erbium and water have been suc-
cessfully exploited as precursors for the atomic layer depo-
sition (ALD) of Er;O3 thin films. Deposition studies were
carried out in the temperature range 175450 °C, where Si(1 0 0)
and soda-lime glass were used as substrates. The deposited
Er, O3 films were smooth and very uniform, and contained
only low concentrations of carbon and hydrogen as impurities
[124].

3. Actinides
3.1. Actinide carbonyls

The coordination and bonding of equatorial carbonyl ligands
with the uranyl dication, [UO,1?*, has been studied using den-
sity functional theory with relativistic effective core potentials.
Newly predicted ground-state structures of [UOZ(CO)S]2+
have been reported [125]. The reaction of the coordina-
tively unsaturated tris(aryloxide) uranium(IIl) complex
U(L) (L =1,4,7-tris(3,5-di-fert-butyl-2-hydroxybenzylate)-
1,4,7-triazacyclononane) with carbon monoxide has been
investigated. Exposure of a degassed pentane solution of
U(L) to CO (1 atm) resulted in a gradual color change from
red-brown to light brown. Solvent evaporation to dryness
and recrystallizaion from benzene afforded brown hexagonal
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crystals. An X-ray crystal structure determination revealed
the presence of the unprecedented p-isocarbonyl-bridged,
mixed-valent diuranium species (L)U-CO-U(L) [126].

3.2. Actinide hydrocarbyls

Laser-ablated thorium atoms have been reported to react
with methyl fluoride to give the thorium methylidene com-
plex CH,=ThHF as the major product observed and trapped
in solid argon. Infrared spectroscopy, isotopic substitu-
tion, and density functional theoretical frequency calcula-
tions confirmed the identification of this methylidene com-
plex. The homologous CH>,=ThHCI and CH,=ThHBr were
obtained in a similar manner from methyl chloride and
methyl bromide, respectively [127]. The derivative chem-
istry of a heteroleptic monoalkyl uranium complex sup-
ported by the hydrotris(3,5-dimethylpyrazolyl)borate ligand
has been investigated. Insertion of benzonitrile and ace-
tonitrile into the U-C bond of U(TpMeZ)Clz(CHZSiMe3)
(TpMe2 = HB(3, 5 — Me,pz);) afforded the ketimide kom-
plexes U(TpMe2)CI,[NC(R)(CH,SiMe3)] (R =Ph, Me) [128].
Novel uranium bis(alkyls) have been synthesized with the use
of different diamido ether ancillary ligands. A typical reaction
sequence is outlined in Scheme 73 [129].

The synthesis of two tetravalent uranium alkoxide-carbene
complexes has been reported, golden-colored UIL3 and emer-
ald green UL4, where L=OCMezCHz[l—C(NCHCHNPri)]
(Scheme 74). The latter shows dynamic behavior in solu-
tion at room temperature, and the crystal structure of UL4
shows that one carbene group remains uncoordinated (Fig. 67).
The unbound N-heterocyclic carbene group can be trapped
by a range of reagents such as 16-valence-electron metal car-
bonyl fragments and BH3; moieties, forming, for example,
UL3(p-L)W(CO)s, UL2(n-L)2Mo(CO)4, and UL, (L-BH3)4—,
(n=1-4). This reactivity demonstrates the potential for these
hemilabile electropositive metal-carbene complexes to partici-
pate in the bifunctional activation of small molecules [130].
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Scheme 74.
3.3. Actinide cyclopentadienyl compounds

3.3.1. Cp3An and Cp3AnL compounds

The mono and bis(cyclopentadienyl) compounds
(CsH4Bu)UI, and (CsH4Bu’),UI were formed in THF
by comproportionation reactions of U(CsH4Bu’); and UlzL4
(L=THEF or py) in the molar ratio of 1:2 and 2:1, respectively,
while treatment of Ulz(py)s with one or two molar equiv-
alents of Li(CsH4Bu’) in THF afforded the (CsH4Bu’)UI,
and [(CsH4Bu’),Ul;]~ complexes, respectively. The X-ray
crystal structures of (CsH4Bu’)UIy(py); (dark blue crystals,

Fig. 67. Molecular structure of UL4 (L=0CMe,CH,[1-C(NCHCHNPr')])
[130].
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Fig. 68. Molecular structure of (CsHsBu’);U(C3Me4N>) [57].

78% yield) and (CsH4Bu’),Ul(py), (dark green crystals, 75%
yield) have been determined [27]. In the presence of one
molar equivalent of the heterocyclic carbene C3Me4N, (=tetra-
methylimidazolylidene) the trivalent metallocene U(CsHsBu’)3
is readily and quantitatively transformed in toluene into its
carbene adduct (CsHsBu’);U(C3MeyNy), which crystallizes
from this solvent as dark brown crystals in 98% yield. This was
the first example of an organometallic uranium(IIl) complex
containing a heterocyclic carbene ligand. Its molecular structure
is illustrated in Fig. 68 [57].

Several uranium(Ill) compounds supported by the
hydrotris(3,5-dimethylpyrazolyl)borate  ligand (= TpM®2)
have been synthesized and characterized, including an
organometallic mono(cyclopentadienyl) derivative. Metathesis
of (TpMe2),UI with NaCp yielded («3-TpMe2)(k2-TpMe2)UCp
as a dark green solid in 76% yield. Thermolysis of this com-

+2Et;NHBPh,
-2CHj, -2NEty,
-KBPhy

(CsMegH),UMe, K

Fig. 69. Molecular structure of [(CsMe4H),U][(p.-Ph),BPhy] [132].

pound at 160 °C resulted in oxidation of the metal center and
redistribution of the ligands, giving Cp3U(dmpz), pyrazabole,
and (TpMez)U(dmpz)g (dmpz =3,5-pyrazole) [131]. The for-
mally anionic complex (CsMesH),UMe; K provides entry into
unsolvated bis(tetramethylcyclopentadienyl)U(III) chemistry.
Treatment of this complex with 2 equiv. of [Et3NH][BPh4] led to
formation of the trivalent cationic complex [(CsMesH),U][(j-
Ph);BPhy] (Scheme 75), which has a structure differing
from that of [Cp5U][(w-Ph);BPh;] in that one arene ring in
[(CsMesH),U][(u-Ph),BPhy] approaches the uranium ion
in an m® mode and the other in an m' orientation (Fig. 69)
[132].

It was reported that (CsMesH)3U can be prepared in high
yield either from unsolvated Ul; or from the THF solvate
UI:(THF)4 by treatment with 3equiv. of K(CsMesH). Pure
(CsMe4H)3U forms a brown-green powder [133].

3.3.2. CpAnX3, CprAnX; and Cp3AnX compounds

Although bis(pentamethylcyclopentadienyl)uranium metal-
locene chemistry has been extensively explored, relatively
little is known about the reactivity of the bis(tetra-
methylcyclopentadienyl) analogues. An important starting
material, (CsMe4H),UCl,, has been prepared via two differ-
ent synthetic routes, either by treatment of (CsMe4H)3UCI with
HgCl, (82% yield) or from UCly and (CsMesH)MgCI(THF)
in a 1:2 molar ratio (78% yield) [133]. It was also shown that
(CsMe4H), UCl; reacts with MeLi to form the methyl complexes
(CsMeyq4H),UCIMe and (CsMe4gH);UMe;, both of which were

Scheme 75.
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Fig. 70. Molecular structure of (CsMe4sH);UI [133].

characterized by X-ray crystallography. (CsMesH),UCIMe
can also be synthesized by ligand redistribution between
(CsMe4H),UCI, and (CsMe4H)>,UMe; (Scheme 76) [132].

Other tetramethylcyclopentadienyl uranium(IV) complexes
include (CsMesH)3UCI and (CsMeqH)3UI, which can be
obtained by allowing U(CsMegH); to react with either Bu’Cl,
PhCl, or HgCl, for the chloride or Phl or Hgl, for the iodide.
The molecular structure of (CsMe4H)3UI has been determined
by X-ray diffraction (Fig. 70) [133].

2 RNH,; -2 CH,

Cp',UMe,

-2 CH,
RNH,

> Cp',U(NHR),

R =H, Me, PhCH,, p-tolyl

R = Me, p-tolyl, p-MeOCgH,, p-Me,NCgH,4

Scheme 78.

Attempts to make unsolvated bis(tetramethylcyclopen-
tadienyl) U(III) complexes with the tethered olefin ligand
[(CsMe4)SiMes(CH,CH=CH,)]~ by allowing K[(CsMe4)-
SiMey(CH,CH=CH,)] to react with UI3(THF); led to
the formation of [(CsMey)SiMe,(CH2CH=CH;)],UI(THF)
(Scheme 77). Although solvated, this compound readily loses
THF and is the first example of an actinide complex that con-
tains a tethered olefin functionality [132].

The wuranium metallocenes [CsH3(EMes),-1,3],UMe,>
(E=C, Si) react with NH3 to give the dimers [{CsH3(EMe3)2-
1,3}, U(p-NH)]2, but with p-toluidine to give the monomeric
diamides [CsH3(EMes),-1,3],U(NH-p-tolyl),. The uranium
metallocene [CsHo(Bu’)z-1,2,4],UMe, reacts with RNH;
to yield [CsHz(Bu)3-1,2,4,UNHR); (R=Me, CH;Ph,
p-tolyl), which have been isolated as crystalline solids. In
benzene solution these diamides are in equilibrium with
[CsHa(Buf)3-1,2,4],U=NR, which can be isolated pure when
R is Me or p-tolyl (Scheme 78), and the primary amine
[134].

2 K[(C5Me4)SiMe,(CH,CH=CH,)], + Ul3(THF),4 T—:-

HF N/

/\/Si{\

Scheme 77.
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Scheme 79.

The monomeric imide [CsH>(Bu’)3-1,2,4],U=NMe reacts
with R"C=CR’ to yield the cycloaddition products [CsH;(Bu’)3-
1,2,41,U[N(Me)C(R")=C(R)] (R’'=Me, Ph) as illustrated in
Scheme 79 [134].

In a related study the remarkable base-free bis(1,2,4-
tri-tert-butylcyclopentadienyl)uranium oxide Cp,UO (Cp'=
CsHy(Bu')3-1,2,4) has been prepared. In this context the
derivative chemistry of the starting material, [CsH,(Bu')3-
1,2,41oUCl,, has also been investigated. These reactions are
summarized in Scheme 80 [135].

Reduction of [CsHy(Bu')3-1,2,4],UCI, in the presence of
2,2-bipyridine and sodium naphthalide afforded the dark
green metallocene complex Cp,U(bipy), which reacts with p-

Cp'; UMe,
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2 MeLi
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Scheme 80.
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Scheme 81.

tolyl azide or pyridine N-oxide to give Cp),U=N(p-tolyl) or
Cp/zU(O)(py), respectively (Scheme 81). The Lewis acid BPhj
precipitates Ph3B(py) and gives the base-free oxo complex
Cp,UO, which crystallizes from pentane as red-brown micro-
crystals. This compound behaves as a nucleophile with Me3SiX
(Scheme 81, X=Cl, Br, CN, N3, OSO,CF3), but it does not
exhibit cycloaddition behavior with acetylenes, suggesting that
the polar resonance structure Cp/2U+—O_ dominates the double-
bond resonance structure Cp/2U=O [135].

Fig. 71. Molecular structure of Cp;UI(C3Me4N2) [57].
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3.3.3. Pentamethylcyclopentadienyl compounds

3.3.3.1. Cp"AnX, and Cp5AnX compounds. Treatment of
Cp;Ul(py) (py =pyridine) with one mole equivalent of 2,2’

bipyridine (=bipy) in THF gave the adduct Cp3Ul(bipy), which
was transformed into Cp3U(bipy) by Na(Hg) reduction. Simi-
lar reaction of Cp3Ul(py) with one mole equivalent 2,2":6,2"-

terpyridine (=terpy) afforded the ionic adduct [Cp3U(terpy)]I,

which could also be reduced to the neutral complex Cp3 U(terpy)
by sodium amalgam [53]. Reduction of Cp;U(dddt) with
Na(Hg) or addition of Napdddt to Cp3U(w-Cl);Na(THF),
in the presence of 18-crown-6 gave the first uranium(III)
dithiolene compound, [Na(18-crown-6)(THF),][Cp3U(dddt)]
(dddt=5,6-dihydro-1,4-dithiin-2,3-dithiolato) [52]. Addition of
one molar equivalent of the heterocyclic carbene CzMesNo
(=tetramethylimidazolylidene) to Cp3UI(py) in toluene led to
the immediate substitution of the pyridine ligand to give the car-
bene complex Cp;UI(C3Me4N»), which was isolated as dark
green crystals in 70% yield. The metal coordination geometry is
the familiar pseudo-tetrahedral arrangement found in the series
of complexes Cp; AnXL (Fig. 71) [57].

3.3.3.2. Mono(pentamethylcyclopentadienyl) actinide(1V)-
compounds. Reactions of the monopositive actinide ions An*
with pentamethylcyclopentadiene, HCp®, have been studied by
mass spectrometry. This was the first study of the An*/HCp"
reaction for Ant=Am*, Cm*, Bk*, Cft, and Es*. Each of

the actinide ions reacted with HCp" to produce [AnCp”l*
(+H), as well as additional products. Both Cf* and Es*
have previously been found to be inert toward most alkenes,
but efficiently reacted with HCp® to induce (1) H-loss and
[AnCp]*; (2) Hp-loss and [An(CsMe4CHj)]*, and (3) CH3-loss
and [An(CsMesH)]* (An=Cf, Es). The proposed pathways are
illustrated in Scheme 82. These were the first organoeinsteinium
complexes derived from activation of an organic substrate.
Secondary products included [Cp;An]* (An=Am, Cm, Bk, Cf,
Es), the compositions of which correspond to the metallocene
sandwich complexes [136].

3.3.3.3. Bis(pentamethylcyclopentadienyl) actinide(IV)-, (V)-,
and (VI)-compounds. The most exciting achievement in
organoactinide chemistry in 2005 was the synthesis of molecu-
lar octauranium rings with alternating nitride and azide bridges.
Several 24-membered uranium nitrogen rings, (UNUN3)4,

Ph
P
1) 2 KCy/ Et,0 \ /N/C Ph
M~
2) PhyC=N-N=CPh, I >N
\\C/Ph
\

Scheme 84.
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have been synthesized by reduction of sodium azide with
the tetraphenylborate derivatives [(CsMe4R), U][(p- Ph)zBth]
(R =H, Me). Scheme 83 illustrates the reaction with the Cp” pre-
cursor. The nanometer-sized rings contain unusual UNU nitride
linkages that have short U-N distances within the double-bond
range [137].

A toluene slurry of Ul4(C=NPh), treated with 2.2 equiv. of
Cp "MgCI(THF) provided Cp3;UL,(N=CPh) in low yields. A
single-crystal X-ray structure determination showed that the
iodide ligands in Cp3UI>(N=CPh) are in a rare cis-configuration
with an acute [-U-T angle of 83.16(7)° [138]. Electronic absorp-
tion and resonance-enhanced Raman spectra have been recorded
for the uranium(IV) ketimido complexes Cp; U-[N=C(Ph)(R)]»

toluene

A

A/|

An=U, Th X
R = Me, CH,Ph

Scheme 87.

(R=Me, Ph, CH;Ph), which had been previously synthesized
according to Scheme 84. The products have been found to be
surprisingly unreactive and display unusual electronic proper-
ties. The physical properties and chemical stability of these
complexes already suggested higher U-N bond order owing to
significant ligand to metal m-bonding in the uranium ketimido
interactions. The observations of both charge-transfer transitions
and resonance enhancement of Raman vibrational bands in the
more recent study are exceedingly rare for tetravalent actinide
complexes and reflect the strong bonding interactions between
the uranium 5f/6d orbitals and those on the ketimido ligands
[139,140].

Fig. 72. Molecular structure of Cp3U(C4Phy) [141].



J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 251 (2007) 142-202 197

Fig. 73. Molecular structure of Cp}U(CH2Ph)[m2-(0,C)-ONCsH,] (left) and Cp3Th(CH,Ph)[n2-(0,C)-ONCsHy] (right) [142].
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Scheme 88.

Examination of the reactivity of [Cp3U][(u-Ph);BPh;] as
a “blank” for comparison with the four- and eight-electron
reductive chemistry of the sterically crowded Cp3U and
[Cp5U1(CsHe) complexes revealed that the tetraphenylborate
complex surprisingly functions as a four-electron reductant by
combining [BPh4]'~ and U(III) reduction. All three complexes
cleave the N=N bond in PAN=NPh to form the bis(organoimido)
U(VI) complex Cp5U(NPh)> (Scheme 85), and they also reduce
PhC=CPh to form Cp5U(C4Ph4) (Scheme 86). The latter has
been structurally characterized by X-ray diffraction, confirm-
ing the presence of a localized metallacyclopentadiene structure
(Fig. 72) [141].

Anunusual case of C—H activation with uranium(IV) and tho-
rium(IV) bis(alkyl) complexes has been discovered for pyridine
N-oxide. As shown in Scheme 87, addition of 1 equiv. of pyri-

dine N-oxide to a toluene solution of the uranium(IV) bis(alkyl)
complexes Cp5;UR» (R =Me, CH>Ph) unexpectedly resulted in
activation of an sp> hybridized C—H bond, with loss of alkane and
formation of novel cyclometalated pyridine N-oxide complexes
in greater than 70% yield. The same reactions could be carried
out with the analogous thorium(IV) bis(alkyls). The molecular
structures of two representative examples have been determined
by X-ray diffraction (Fig. 73) [142].

This chemistry is not limited to sp> hybridized C-H bonds.
As depicted in Scheme 88, reaction of 1 equiv. of 2,6-lutidine N-
oxide with the Th(IV) bis(alkyls) at room temperature afforded
the cyclometalated complexes in 70-80% yield, whereas the
analogous uranium(I'V) complexes did not form even at elevated
temperatures. Fig. 74 illustrates the molecular structures of both
thorium complexes [142].

Fig. 74. Molecular structure of Cp;Th(Me)[nz—(O,C)-ON CsH(Me)CH3] (left) and Cp;Th(CHgPh)[nz—(O,C)—ONQsHz(Me)CHz] [142].
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Scheme 90.

These results have demonstrated that UIV) and Th(IV)
bis(alkyl) complexes readily activate both sp? and sp> hybridized
C-H bonds in pyridine N-oxides, providing rare examples of
C-H activation chemistry mediated by actinide metal centers
[142]. Later it was discovered that the reactions between the tho-
rium bis(hydrocarbyls) Cp5UR; (R = CH,Ph, Ph) take yet a dif-
ferent course when 2 equiv. of pyridine N-oxide are employed.
As illustrated in Scheme 89, the reaction of Cp3Th(CH;Ph),
with 2 equiv. of pyridine N-oxide (pyNO) at ambient temper-
ature unexpectedly resulted in facile C—N bond cleavage and
ring-opening of pyNO to give the first thorium oximate complex
as an orange-brown solid in 77% isolated yield. The product
contains both a cyclometallated m?-(0,C)-pyNO and an oxi-
mate linkage resulting from the ring-opening of a second pyNO
molecule [143].

Similar addition of 2equiv. of pyNO to a toluene
solution of Cp3ThPh, at ambient temperature afforded
the novel bis(oximate) complex Cp?Th[nz—(O,N)-ON=CH-
(CH=CH),Ph], as a brown solid in 67% isolated yield
(Scheme 90). It is remarkable, that in this case two pyNO ring
systems are dissected by one thorium metal center. Fig. 75
depicts the molecular structure of the bis(oximate) product
[143].

Treatment of Cp5UCI, with Napdddt in THF afforded the
“ate” complex Cp3UCI(dddt)Na(THF);, and the salt-free com-
pound Cp;U(dddt) could be extracted from the initial pro-
duct with toluene (dddt = 5,6-dihydro-1,4-dithiin-2,3-dithiolato)
[52].

3.3.3.4. Tris(pentamethylcyclopentadienyl) actinide(IV) com-
pounds. An atom- and time-efficient synthetic route to steri-

cally crowded organoactinide complexes of the type Cp3UX
(X=Cl, Me) involving the in situ-formation of borate salts has
been reported. Addition of BPh3 to Cp;UMeCl followed by
KCp® has been found to provide a greatly improved synthesis
of Cp3UCI that presumably proceeds through an intermedi-
ate [Cp5UCI][MeBPh3] borate salt. Sterically highly crowded
Cp3UCl has been isolated according to Scheme 91 as a red pow-
der in >90% yield [144].

In the analogous reaction system involving Cp3;UMe;,
BPhj3, and KCp* the formation of the borate intermediate,

Fig. 75. Molecular structure of szTh[1]2—(O,N)-ON=CH-(CH=CH)2Ph]2
[143].
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Scheme 91.
[CpEUMe] [MeBPh3], was confirmed by variable-temperature
NMR spectroscopy and by X-ray crystallography of the THF
adduct (Fig. 76). The crystal structure of this compound con- SHER
sists of well separated ions [144]. 2; Kcsﬁnes U
Addition of KCp” instead of THF to the in situ gener- U<Me - _ 5 \

ated [Cp;UMe][MeBPh;3] salt at room temperature in ben- Me -K[MeBPhs] Me
zene precipitated white solids and left a red solution from

which Cp3UMe was isolated in 66% yield (Scheme 92). The
identity of Cp;UMe was established by X-ray crystallogra-
phy (Fig. 77). The U-C(Me) distance in this highly sterically
crowded molecule is 2.66(2) A [144].

Fig. 76. Molecular structure of [Cp;UMe(THF)][MeBPhs] [144].

Scheme 92.

3.3.4. Compounds with heteroatom five-membered ring
ligands

Reactions of in situ-generated potassium salts of the
dipyrroles Me,C(C4H3NH); and MePhC(C4H3N), with
ThCl4(DME), has been reported to afford the correspond-
ing homoleptic salt-like species {[K(DME)][Th{Me,C-
(C4H3N)2 331}, and  [Ko(DME)][Th{MePhC(C4H3N); } 3],
respectively [145]. The complex [Li(THF)4][{1,3-[2,6-
PrziC6H3N]2(CH2)3}zThCl], containing two  chelating
amide ligands, was prepared via straightforward halogen
replacement of ThCl4(DME) with the dilithium salt of 1,3-

Fig. 77. Molecular structure of Cp;UMe [144].
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[2,6-PrriC¢H3NH]>(CH3)3 (Scheme 93). Attempts to reduce
this species were carried out with K(naphthalenide), affording
an intermediate dark colored solution that slowly discolored
and yielded colorless crystals of the tetravalent metallacyclic
complex [Li(DME)3;][Th{1l ,3-[2,6-Pr'CgH3N]2(CHa )3 +H1,3-
[2-Pri-6-(CH,CHCH,)CgH3N]>(CH)3}]. In this  species,
one hydrogen group was eliminated to form a metallacyclic
structure [146].

3.4. Actinide arene complexes

Gas phase actinide benzene complexes of the type U(CgHg),,*
(n=1-3) and UO,,(C¢Hg)* (m=1, 2) have been produced by
laser vaporization and studied with UV (355 nm) laser photodis-
sociation. The n=1 complex dissociates to form U*, U(CoHp)*
and U(C4H3)" via ligand elimination and ligand decomposi-
tion channels. The n=2 and 3 complexes fragment down to
the n=1 complexes, losing intact neutral benzene molecules.
The U0, (CgHg)*™ (m=1, 2) complexes eliminate intact neutral
benzene ligands with no further fragmentation. These photodis-
sociation trends indicate that bare uranium cations are more
reactive than uranium oxide ions [147].
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